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ABSTRACT
The Mössbauer absorption spectra of paramagnetic high spin
5 7 3+Fe ions in synthetic powdered mullite (3Al203>2Si02), spinel (MgAl204) 
and lithium scandium oxide (LiSc02) have been measured over a range of 
temperature. In these systems the magnetic hyperfine spectra of Fe^+ ions 
remain well resolved from 4.2K to 295K, and this indicates long spin 
relaxation times (or slow spin relaxation rates) for Fe3+ ions.
For tetrahedrally coordinated Fe^+ ions in mullite and octahedral 
Fe^ ions in spinel the hyperfine spectrum from the Kramers doublet 
Sz = 2 can be readily observed even in zero applied field, and it is
insensitive to external magnetic fields of moderate strength, in contrast 
to the observed behaviour in alumina (A120^) and lithium aluminate spinel 
(LiAl^Og). This effective stabilization of the ± V 2 spectrum has been 
attributed to the high value of A (= |^/d |) in the spin Hamiltonian for 
Fe^ ions in sites of lower than the axial (A=0) symmetry, i.e. to a large 
distortion of the Fe^+ site from axial symmetry.
For the tetrahedral Fe^+ ions in mullite the hyperfine spectrum 
from the ±V2 Kramers doublet has been observed up to room temperature 
along with the spectrum from the ±^/2 Kramers doublet, which is a unique 
feature of this system. The hyperfine spectra at low temperatures have 
been reasonably well explained on the basis of the zero-field spin 
Hamiltonian formalism with parameters very similar to those for Fe^+ ions 
in isomorphous sillimanite (A^SiO^.) .
The spinel spectra indicate that for very small concentrations, 
the Fe^ ions have a strong preference for entering tetrahedrally 
co-ordinated sites. It has also been observed that the tetrahedral Fe^+ 
ions in spinel have a relatively longer spin relaxation time than the 
octahedral Fe^ ions, which indicates significantly different zero-field 
splittings and/or vibrational properties for the two sites.
(iv)
The s p i n - l a t t i c e  r e l a x a t i o n  t im e ,  T«^L> f o r  Fe^+ in the se
systems does no t  change s t r o n g l y  with  t e m p e ra tu r e ,  which r e p r e s e n t s
the  u sua l  c h a r a c t e r i s t i c  o f  S - s t a t e  Fe^+ ions  weakly coupled  to  the
l a t t i c e .  Though i t  was n o t  p o s s i b l e  to  c a l c u l a t e  r e l a x a t i o n  r a t e s  a t
d i f f e r e n t  t e m p e ra t u r e s  from the  complex and o v e r l a p p in g  s p e c t r a ,  i t  i s
-1 .5  -2
e s t i m a t e d  t h a t  x<, a T ’ to  T may be a good approx im at ion .  This 
i n d i c a t e s  t h a t  the  two-phonon ( i . e .  x « T 7) p rocess  f o r  Fe3+ ions
J  Li
i s  r e l a t i v e l y  i n e f f e c t i v e  f o r  t e m p e ra tu re s  below 300K.
The magnet ic  h y p e r f in e  s p e c t r a  o f  smal l  c o n c e n t r a t i o n s  o f  
Fe^ ions  in  z inc  oxide have been observed  only  below 13K, which may 
be due to  s t r o n g  t e m p e ra tu re  dependent  s p i n - s p i n  r e l a x a t i o n  between 
Fe^+ i o n s ,  o r  due to  s u p e rpa ram agne t i c  ^ 2 ^ 3  c l u s t e r s .  I t  appears  
t h a t  in  the  samples s t u d i e d  the  Fe^+ ions  were n o t  un i fo rm ly  d i s t r i b u t e d  
th roughou t  th e  zinc oxide  l a t t i c e .
W e l l - r e s o lv e d  pa ram agne t ic  h y p e r f in e  s t r u c t u r e  was observed  
in  the  Mössbauer s p e c t r a  o f  ^ F e ^ + ions in magnesium ca rbona te  (MgCO^) 
a t  low t e m p e ra t u r e s  (-4 .2K) as a r e s u l t  o f  the  slow s p i n - l a t t i c e  r e l a x a ­
t i o n  r a t e  which i s  shown t o  be a consequence o f  the Fe^+ s i t e  symmetry 
( C ^ )  . The i o n i c  ground d o u b le t  r e p r e s e n t s  a good I s i n g  system, and 
th e  r a t e s  o f  r e l a x a t i o n  between th e  s t a t e s  o f  t h i s  doub le t  have been 
de te rmined  u s in g  Blume*s s t o c h a s t i c  model. On the  o t h e r  hand,  the
r e l a x a t i o n  r a t e s  f o r  th e  v a r io u s  p r o c e s s e s  have been c a l c u l a t e d  us ing  a
( 14)very  s imple model o f  th e  o r b i t - l a t t i c e  i n t e r a c t i o n  given by Orbach 
The observed  te m p era tu re  dependence o f  the  r e l a x a t i o n  r a t e  has consequen t ly  
been r e c o g n i se d  as be in g  due to  the  i n d i r e c t  two-phonon Raman o r  Orbach 
p r o c e s s .  I t  has  n o t  been p o s s i b l e  to  d i s t i n g u i s h  c o n c l u s i v e ly  between 
the  r e l a t i v e  importance o f  t h e se  two p r o c e s s e s .
The Mössbauer s p e c t r a  o f  Fe^+ ions  in s y n t h e t i c  rhombohedral
(v)
ca lc ium  and cadmium ca rb o n a te s  a t  4.2K give  only symmetrica l  quadrupole 
s p l i t t i n g s ,  b u t  show slow sp in  r e l a x a t i o n  e f f e c t s  very s t r o n g l y  when 
e x t e r n a l  magnet ic  f i e l d s  a re  a p p l i e d .  For f i e l d s  above 5 kOe paramag­
n e t i c  h y p e r f in e  s t r u c t u r e  ( s i m i l a r  t o  t h a t  observed  from Fe2+:MgCO^) 
i s  observed .  The z e r o - f i e l d  Mbssbauer s p e c t r a  and the  f i e l d  dependence 
o f  the  r e l a x a t i o n  b e hav iou r  o f  Fe2+ ions  in  CaCO^ and CdCO^ have been 
e x p l a in e d  in  terms o f  ( i )  t h e  smal l  o r thorhombic  d i s t o r t i o n  around Fe2 + 
i o n s ,  ( i i )  the  s p i n - s p i n  r e l a x a t i o n  between Fe2 + i o n s ,  and ( i i i )  the 
slow s p i n - l a t t i c e  r e l a x a t i o n  r a t e  o f  Fe2+ ions  a t  4.2K. The slow s p in -  
l a t t i c e  r e l a x a t i o n  r a t e  o f  Fe2+ io ns  in  t h e se  rhombohedral  c a rbona te s  
conf i rm  t h a t  i t  i s  a consequence o f  Fe2+ s i t e  symmetry.
( v i )
1 .
INTRODUCTION
57Mössbauer spectroscopy of Fe has become an important 
technique for the investigation of various phenomena, such as magnetic 
ordering, paramagnetism, spin-flipping, ligand symmetry, ground state 
and low-lying crystal field energy levels, etc., in iron compounds. The 
nuclear energy levels are extremely sensitive to the electronic state 
of the ion and hence the effects arising from crystalline electric field, 
spin-phonon and spin-spin couplings in iron compounds may be precisely 
investigated by Mössbauer spectroscopy.
The objective of the research programme undertaken with this 
thesis in mind has been to broaden the understanding of the spin relaxation 
mechanism of paramagnetic Fe^+/Fe^+ ions, and their magnetic hyperfine 
spectra when the frequencies of the spin fluctuations and the nuclear 
Larmor precession about the magnetic field at the nucleus are comparable.
The magnetic hyperfine spectra of slowly relaxing paramagnetic 
Fe^ in a few diamagnetic host lattices^ ^  have already been observed 
and explained on the basis of zero-field spin and magnetic hyperfine 
interactions for the ^S-state Fe^+ (3d^) ion. However, in most of the
3+ f 2 6 81
earlier studies the Fe occupied an almost axially symmetric site^ ’ ’ ,
and the spectrum from the Kramers doublet = ±^2 could be observed only 
in the presence of an external magnetic field of moderate strength. In 
the present work an attempt has been made to determine the hyperfine 
spectra of paramagnetic Fe^+ in sites of lower than axial symmetry and 
consequently to observe different effects from those in the axially 
symmetric case.
From these spectra, apart from the nuclear interaction para­
meters, the order of the zero-field splitting between Kramers doublets 
of ^S-state, and the wavefunction of the lowest Kramers doublet may be obtained. 
It provides an additional method of estimating the zero-field splitting parameters
2 .
for Fe^+ from the usual determination using HPR spectra.
The temperature dependence of magnetic hyperfine spectra over a wide 
range of temperature could throw some light on the dominant spin-lattice 
relaxation process of paramagnetic Fe^+ as well.
A brief outline of the spin relaxation effects and the 
theory of the hyperfine spectra from the paramagnetic Fe^+ will be given 
in Chapter 1. The results and discussion of the hyperfine spectra of 
paramagnetic Fe^+ in synthetic mullite (SAl^O^.SSiO^), spinel (MgAl^O^), lithium 
scandium oxiae (LiScO^) and zinc oxide (ZnO) will then be presented in Chapter 3.
The spin lattice relaxation of high spin Fe“+ (3d^) is usually
very rapid,and tils prevents the observation of any paramagnetic hyperfine
structure. However, the slow spin relaxation effects of Fe^ have been
reported in antiferromagnetic F e C O ^ ^ * * ^ ,  and more recently in 1,8-naphthyridine
complex Fe (C^H^NO) (CIO^) 7 In both these systems the site symmetry of Fe^ +
is C ^  (trigonal axis along <  111 >  axis of the octahedron), and it
appears that the slow spin relaxation may be the characteristic of this
(13)particular symmetry. In various rhombohedral carbonates the divalent 
metal ions are situated at sites of C ^  symmetry (as in FeCO^), and 
hence Fe2+-doped diamagnetic carbonates may provide suitable systems to 
observe the slow spin relaxation effects, including the paramagnetic 
hyperfine spectra of Fe^+. Another characteristic of this C ^  symmetry 
is that at low temperatures the spin spin relaxation of Fe“ is negligible 
(see Chapter 4), and hence any observed effect will be primarily due to 
spin lattice relaxation.
In earlier reports, however, little attempt has been made 
to calculate explicitly the relaxation rates on any theoretical model 
consistent with the observed results. In the present work the spin-lattice 
relaxation rate of dilute Fe^ in MgCO^ has been measured as a function 
of temperature, and an attempt has been made to explain the results on 
the simple phenomenological model of the spin lattice relaxation process
3 .
of Orbach^*^ .
Chapter 4 contains an account of Orbach's theory of spin- 
lattice relaxation, and the results and discussion on MgCO^:Fe^+ have 
been presented in Chapter 5. Chapter 6 contains the results and 
discussion of the spectra of Fe^+ ions in synthetic CaCO^ and CdCO^.
4 .
CHAPTER 1.
Some Aspects of Mössbauer Spectroscopy of Fe
The phenomenon of recoilless emission and absorption of
y-rays by the nuclei in a solid matrix is known as the Mössbauer
effect(15,16)^ The nuclear energy levels are, however, perturbed by
magnetic and electrostatic interactions due to the atom's own electrons
and surrounding ligands. A brief outline of various interactions for 
57Fe used in the interpretation of its Mössbauer spectra is given below.
571.1. Magnetic Hyperfine Interaction for Fe
The magnetic hyperfine interaction Hamiltonian 3^ , between
r i7 igi
the electron and the nucleus is given by^ * J
J<M -gN^N8e'°e
8tt
3
-+L ( \ 3(S.r)r S
r 3 + . r 5 r 3.
. I ( 1- 1)
where g^ and ß^ are the nuclear g-value and the nuclear magneton, and 
ge and 3e are the electronic g-value and Bohr magneton respectively.
L and S represent the electronic orbital and spin angular momenta of the atom, 
and I is the nuclear spin. 6(r) represents the s-electron density at 
the nucleus (where r = 0).
When the nuclear and electronic states are decoupled, the 
hyperfine interaction (1-1) may be treated as the result of an 'effective 
magnetic field' at the nucleus produced by the orbital and spin moments 
of the electrons. The fields arising from the different terms in 
expression (1-1) are as follows:
1.1.1. Fermi Contact Interaction
The direct coupling between the nuclear magnetic moment and
the s-electron density at nucleus is known as Fermi contact interaction.
(19 20)The Fermi Contact magnetic field at the nucleus is given by *
5 .
8 tt
IT g 3 s < 2 e e s M 0) ' M 0) > (1-2)
2 2where 4^(0) and 4^(0) are the s-electron densities at the nucleus (r=0) 
with spin-up and spin-down respectively. In a transition metal ion the 
partially filled 3d-shell is responsible for the polarisation of even 
completely filled s-shells and consequently the spin-up and spin-down 
states of s-electrons have different probability densities at the nucleus. 
This is due to the fact that for systems having a net spin (say f) the 
electrons with spin t experience exchange interaction of attractive 
nature, whereas the electrons with spin i experience exchange interaction 
of repulsive nature. This results in slightly different probability 
densities of spin+ and spin 4 s-electrons at the nucleus. Finally, the 
magnetic moment associated with the net spin density produces a magnetic 
field at the nucleus. In the above expression the summation extends over 
all the s-shells occupied by electrons.
1.1.2. The Orbital Magnetic Field
The orbital magnetic moment of the electron produces a magnetic 
field at the nucleus given b y ^ ^ ’^ ^
g 3 <  r  ^ <  L >5e e (ge = 2) (1-3)
where < L >  is the expectation value of the orbital angular momentum and 
r is the radius of the electronic orbit.
1.1.3. The Dipolar Magnetic Field
The dipolar magnetic field at the nucleus produced by the
(18,20,21)net spin of the ion,is given by
*gA  < r " 3 >
3(5.?) - S (1-4)
(21)Using Stevens' J method of operator equivalents, this
becomes:
6.
H_ = -2 3 <  r"3 >  au e
3 ~^ 3
J  L(L.S) + y  (L.S)L - L(L+1)S
where a is a constant which depends on the ion.
The effective magnetic field at the nucleus is the vector 
sum of these three contributions mainly, that is
eff Hs + h l + h d
The relative importance of these terms depends upon the 
electronic configuration (i.e. the valence state) of the ion.
(1-5)
( 1- 6)
1.2. Nuclear Quadrupole Interaction
Nuclei having nuclear spin 1 ^ 1  possess an electric 
r 2 2 )quadrupole moment and hence interact with the electric field gradient 
at the nucleus that is due to external charges. The electric quadrupole 
moment interacts only with the inhomogeneous electric field as any 
uniform field does not produce a torque (or force) on the electric quadrupole,
The 14.41 keV 
interaction,which is given by
e Q V
excited state (Ig = 3/2) of Fe nucleus shows quadrupole
(22,23,24)
41(21-1) 3i; - ici+i) + 'j- a; + if) (1-7)
where Q = electric quadrupole moment of the nucleus, 
e = proton charge
= the principal component of the electric field gradient at 
the nucleus along z-direction.
The electric field gradient at the nucleus is produced by the
surrounding asymmetric charge distribution due to: (i) distant charges
in the lattice, and (ii) the ion's own 3d electrons.
The electric field gradient(e.f.g.) at the nucleus fr=0) due to an
(24)external point charge e situated at (r ,0 ,4> ) is given by
V. ,ij
(i,j=x,y,z)
3r..r . - IrI 6. .
i* 3 ij (1 -8 )
7.
The summation extends over all the surrounding charges, and one may
write r = z = rcos0, r = x z x rsin9.cos4) and r = y = rsinö.sinc}). By
proper transformations the e.f.g. tensor can be diagnalised to have only
three diagonal components along the principal axes (X,Y,Z) of the e.f.g.
These three components satisfy Laplace's equation, V + V + V =0.xx yy zz
The asymmetry parameter about the z-axis of the e.f.g. is given by (23,24)
n
v - vxx yy 
V (1-9)zz
Use of the convention |V I >  |v I ^  |v I makes 0 ^  n ^  1. The e.f.g.1 zz' 1 xx1 ' yy1
axes (X,Y,Z) are determined mainly by the nearest ligands surrounding
57the Fe ion, and n indicates the local asymmetry of the e.f.g. about
the z-axis. For cubic or axial symmetry n = 0, and the magnitude of
determines the departure from the axial symmetry.
The upper case applies to S-state Fe^+ ion where the e.f.g.
at the nucleus is due to lattice charges only.
The expression (1-8) can be transformed into quantum mechanical
angular momentum operators and then used to evaluate the e.f.g. components
due to the ion's own 3d electrons. For the practical case of Fe^+ (Sd^^D^) 
thonly the 6 3d electron (L=2) outside the half-filled S-shell is responsible
(25)for the e.f.g. at the nucleus, and then using Steven's equivalent operators
V. . = - ~  e <  r"3 >  [|- (L.L. + L.L.) - L(L+1)6. .] , (1-10)ij 21 2 i j j i ' i j
(i, j=x,y,z)
where e is the electronic charge. <  r 3 >  is the expectation value of
r when r is the position vector of the orbital electron with respect
to the nucleus. The e.f.g. tensor can be diagonalised to give the three
components (V , V and V ) along the principal axes (X,Y,Z) of the x x yy z z
e.f.g. For Fe^ the lattice contribution
8.
to the e.f.g. is usually very small compared to the orbital one, and 
hence mainly the latter determines the principal axes of the e.f.g.
( 97^1
The total electric field gradient is given by * ’
V zz ■ d - O ^ z h a t  + (i-R) (v zz) ion > a" d 
nV*z = + (1-R^ion(VZZ)ion >
where the factors (1-y^ and (1-R) are the Sternheimer corrections due 
to the polarisation of the ’spherical ferric core' by the lattice and 
by the valence electron, and their values are estimated to be about 10 
and 0.80 r e s p e c t i v e l y .
The quadrupole interaction gives rise to two absorption peaks
(i.e. a quadrupole doublet) due to transitions |l , ±3/2 >  11 , ±1/2 >
e 8
and 11 , ±-*72 >  | I , ±1/2 >  , and the energy separation between them
® 8
is given b y ^ ^
eQV, 1 + V ( 1- 12)
The quantity AE^ will be referred to as the 'quadrupole splitting'
1.3. Energy Levels and Transition Probability
The energy levels (or the eigenstates) of the nucleus are 
obtained as a result of the combined nuclear magnetic and quadrupole 
interactions.
In the presence of the magnetic interaction only the nuclear 
excited state (Ig = 3/2) splits into four (m^ = ±3/2, ±1/2) and the ground 
state (I = 1/2) into two ( i t u = ±1/2) energy levels. The 14.41 keV nuclear
o
transition is virtually pure magnetic dipole , and the relative
(29 30)intensities of the transitions are given by^ * J
< I OmolT Lm |Il"l >  I2 F(6)1(9) (1-13)
9.
where (L=l, m=0, ±1) is the magnetic dipole operator and F(0)
represents the angular distribution of dipole radiation. The first part
(29 301of the above expression is simply given by the Clebsch-Gordan coefficient ’
For a simple case of axially symmetric e.f.g. with H ^  along 
the e.f.g. symmetry a x i s ^ ^
F (0) = 2sin20 , for m -m = Ame g
F (0) = (l+cos20), for m -m = Ame g
(1-14)
where 0 is the angle between y-ray direction and the magnetic field. Using 
the values of the Clebsch-Gordan coefficients, the intensities of the 
various transitions become^^
(l+cos20) , ±3/2 +I/2
j sin20 , ±l/2 -> ±l/2 (1-15)
i (l+cos20) , ±1/2 + + V 2
For transverse spectra 0 =TT/2 and for longitudinal spectra 0 = 0. For 
polycrystalline (or powdered) spectra the intensities have to be averaged 
over all possible orientations of 0 and give <  cos20 >  = I/3,
<  sin20 >  = 2/j. This makes the intensities of the above transitions 
in ratio 3:2:1 respectively for powdered spectra which consist of 
6 absorption peaks .
In general, if the magnetic field is along (0,<t>) with
respect to the z-direction of the e.f.g. axis (x,y,z) system, the magnetic 
interaction can be written a s ^ ^
gNßNHeff
5 T s m 0 ( -i4>_ i<t>T cos0 I + — r—  e I + e YIz 2 + (1-16)
The mixing between the nuclear substates in this case gives rise to 
(31)8 line spectra . The relative intensities of the lines then depends
upon the angles (0,^ >).
1 0 .
When there is no magnetic interaction the quadrupole splitting 
only is observed, and for polycrystalline samples the two peaks are 
symmetrical, provided the recoilless fraction is isotropic^^*^^.
1.4. Isomer Shift
The centroid of the energy levels of the absorber
relative to that of the source is known as the isomer shift. The nucleus 
has a finite volume and the electrostatic monopole interaction between 
the ’nuclear charge distribution’ and the ’s-electron charge density at 
the nucleus' gives rise to a shift in the nuclear energy levels given
6E = |J-Ze2|^(0)|R2 0-17)
where Ze and R are respectively the charge and the radius of the nucleus, 
regarded as spherical. The nucleus usually has different radii in its 
ground and excited states and hence the change in the energy of the y-ray 
due to the monopole interaction is
6E - e X  Ze2|i|/(0)|[ <  Re2 >  - < Rg2 >  ] 
Tp Ze2.R2 M  I*2(0)| 0-18)
where R -R = AR, and R +R - 2R. e g  e g
The Mössbauer experiment consists essentially of comparison of nuclear 
transition energy in the source with that in the absorber, and hence
Isomer Shift (1-19)
One part of the expression depends upon the change in the nuclear radius,
while the other part depends upon the valence state of the atom. For Fe, 
= -18±4 x 10 indicating that the excited state is physically smaller
in dimension than the ground state.(33a)
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For the  same s o u r c e ,  an i n c r e a s e d  s - e l e c t r o n  d e n s i t y  a t
t h e  a b s o rb in g  nuc leus  w i l l  dec re a se  the  value o f  the observed  isomer
s h i f t  and v ice  v e r s a .  There i s  s m a l l e r  s - e l e c t r o n  d e n s i t y  a t  Fe^ (3d^)
n u c leu s  than a t  Fe^+(3d^) n u c l e u s ,  mainly because  o f  f u r t h e r  s h i e l d i n g
o f  the  3s e l e c t r o n s  by one a d d i t i o n a l  3d e l e c t r o n  in Fe^ . Th is  g ives
u s u a l l y  a s m a l l e r  isomer  s h i f t f o r  Fe^+ than f o r  Fe^ . S i m i l a r l y  f o r
more co v a l e n t  s i t e s  (more s - e l e c t r o n  d e n s i t y  a t  nuc leus )  the  isomer  s h i f t
g e t s  s m a l l e r .  For example,  the  isomer  s h i f t  f o r  Fe^ ^  in  t e t r a h e d r a l
c o o r d i n a t i o n  (more covalency)  i s  u s u a l l y  s m a l l e r  than  t h a t  in o c t a h e d r a l  
(2 7)
c o o r d i n a t i o n  ( l e s s  c o v a l e n c y ) .
When the source  and a b s o r b e r  a re  a t  d i f f e r e n t  t e m p e ra tu r e s  
the  change o f  the  y - r a y  energy  due to  second o r d e r  Doppler  e f f e c t  
a l s o  g ives  r i s e  to  an a d d i t i o n a l  energy  s h i f t  which i s  a l s o  i n c lu d e d  in  
th e  measured isomer  s h i f t .
1 .5 .  Spin R e la x a t io n  E f f e c t s
For an ion  wi th  L=0,such as Fe^* the magnetic  f i e l d  a t  th e
nuc leus  a r i s e s  mainly due t o  t h e  i o n ' s  own n e t  e l e c t r o n i c  sp in  S which can
assume (2S+1) p o s s i b l e  o r i e n t a t i o n s  ( S ^ - v a l u e s ) . I f  the  f requency  o f
s p i n - r e l a x a t i o n  ( i . e .  r a t e  o f  sp in  f l i p s )  i s  much g r e a t e r  than  th e  f requency
o f  n u c l e a r  Larmour p r e c e s s i o n  in  magnet ic  f i e l d  a t  the  n u c l e u s ,  the  n u c l e u s
can ' s e e '  only  the time averaged  va lue  o f  sp in  < S  >  and t h i s  phenomenon
z av
i s  known as ' f a s t  sp in  r e l a x a t i o n '  (or  s imply f a s t  r e l a x a t i o n ) .  The
o p p o s i t e  phenomenon i s  known as 's low s p in  r e l a x a t i o n '  which a l low s  the
n u c leu s  to  fo l low  the  i n d i v i d u a l  sp in  s t a t e s
In slow s p in  r e l a x a t i o n  each s p i n - s t a t e  produces  i t s  own h y p e r f i n e
spec t rum ,  whereas in  f a s t  sp in  r e l a x a t i o n  <  S >  = 0 in  zero  a p p l i e d
z av
f i e l d  and the  magnet ic  h y p e r f in e  s p e c t r a  c o l l a p s e ,  l e a v in g  on ly  the  symmetr ica l  
quadrupole  s p l i t t i n g .  For i n t e r m e d i a t e  r e l a x a t i o n  r a t e s  the  s p e c t r a  
can be a f f e c t e d  in v a r io u s  ways i n c l u d i n g  l i n e - b r o a d e n i n g  and e v e n t u a l
12 .
inward c o l la p s e  o f  absorpt ion l i n e s ^ ^ .
For the ions with strong L-S coupling (such as the rare  
earth ions) the o r b i t a l  s t a t e s  can be descr ibed  in terms o f  the quantum 
number J = L ± S, which can assume (2J+1) p o s s i b l e  o r i e n ta t io n s  ( J ^ - v a lu e s ) . 
For such systems the spin r e la x a t io n  can be e x a c t ly  described  in terms 
o f  rather  than S^. The Fe ions have u s u a l ly  s trong cr y s ta l  f i e l d  
in t e r a c t io n  and weak L-S coupling so that  t h e i r  e l e c t r o n i c  s t a t e s  are
described by both the o r b i t a l  angular momentum and spin p a r t s .  The spin
2 +re laxa t ion  o f  Fe ions i s  th ere fore  b e t t e r  expla ined in terms o f  the  
e l e c t r o n i c  s t a t e s  o f  the ion.
1.6 .  Spin Relaxat ion Mechanism
The spin r e la x a t io n  a r i s e s  from two d i f f e r e n t  types  o f  
in t e r a c t io n s  ca teg o r ised  as ' s p in - s p i n '  and ' s p i n - l a t t i c e ' r e l a x a t i o n s .
1 . 6 . 1 .  Sp in-spin  Relaxation
The 'd ip o la r '  (G) and 'exchange' (J) in t e r a c t io n s  between
. th j . th . . , (36 ,37 ,38)l —  and j —  spins  are given by
A + B  + C + C + D + D’ ( 1- 20)
where G = g^g^ß* / r \
[hi +G (l -3 c o s * 20 . . ) !  S. S.i r l  1Z jz
- x  ( l - 3 c o s 20 . .)2 4 l y (S.  S.  + S. S. )i +  j -  l -  j + J
C = G s in 0 .  .cos0 .  .e (S. S. + S. S. )
2 i j  i j  i+ jz  i z  3 +
D = -— G s i n 20. . e s. S. ,
4 iJ i + J+
and e i j  ,(^ij are the Po la r  angles  o f  the radius vec tor  connect ing the i —  and 
j—  ions with respect  to the z - a x i s .  It  may be noted that  S  ^ and S^  are 
the e f f e c t i v e  spins and the corresponding g - f a c t o r s  may d i f f e r  from 2 .
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The diagonal component A usually does not induce any transition
(see for exception the case of Fe^ ions in CaCO^ and CdCO^ given in Chapter 6)
and simply represents a type of local magnetic field at the ion. The
spin-spin relaxation takes place due to transitions induced mainly by
the B term, which involves simultaneous spin-flips by two ions so that
AS^ = -AS. = ±1. The transition probability for this process is given 
by(37,38)
W. . = ~  (1 -3cos 20. ,)2| <  S IS |S >  12 |< S |S |S >  12 , (1-21)13 16 ij 1 z+11 +' z '1 1 z1 z+i 'j
neglecting the exchange term.
When only one type of paramagnetic ion is involved, the total energy of 
the spin system, as well as its angular momentum, is conserved in this 
process.
Cross-Re taxation:
When more than one type of paramagnetic species is present
the situation becomes different. The crystal field energy and Zeeman
spin splittings of different types of paramagnetic ions will usually be
different. In such a situation the dipolar interactions between spins
may induce a series of transitions in which the sum of the crystal field
and Zeeman energy is nearly conserved, and any balance of energy is taken
up or given out by the dipolar interactions. A good discussion of cross
(39) (37)relaxation has been given by Stevens and by Bloembergen et^  al_
The spin-spin relaxation can be effectively eliminated by 
keeping the paramagnetic ions sufficiently far apart (very dilute 
concentration) in a diamagnetic lattice.
1.6.2. Spin-lattice Relaxation
The fluctuations of spin-states due to spin-phonon coupling is 
known as spin-lattice relaxation. The dynamic crystalline field at the 
central paramagnetic ion due to vibrations of the surrounding ligands 
changes the orbital state of the ion. The spin of the ion is coupled to
1 4 .
l a t t i c e  v i b r a t i o n s  (phonons) v i a  s p i n - o r b i t  c oupl i ng^ 4 0 , and consequen t ly  
the  sp in  s t a t e  can change.
The ground s t a t e  o f  Fe^ has  no s p i n - o r b i t  c o u p l in g  w i th in
the  ground S m a n i fo ld ,  b u t  th e  s p i n - o r b i t  c oup l ing  mixps a smal l  amount 
4 . 6o f  the  e x c i t e d  P s t a t e  i n t o  the  ground s t a t e  S, and co n s e q u e n t ly  the
Fe^ ion  i s  on ly  weakly coupled  t o  the  l a t t i c e  v i b r a t i o n s .  Th is  makes the
s p i n - l a t t i c e  r e l a x a t i o n  r a t e  o f  Fe^+ u s u a l l y  very  slow. In c o n t r a s t ,  the
s p i n - l a t t i c e  r e l a x a t i o n  r a t e  o f  Fe2+ ion  i s  u s u a l l y  f a s t .
The s p i n - l a t t i c e  r e l a x a t i o n  r a t e s  have been c a l c u l a t e d  on t h r e e
d i f f e r e n t  models u s u a l l y  known as one-phonon ( d i r e c t )  p r o c e s s ,  two-phonon
( i n d i r e c t )  Raman p ro c e s s  and Orbach p r o c e s s ,  and th e se  a re  dominant  in
d i f f e r e n t  t e m p era tu re  r e g i o n s .  The common f e a t u r e  o f  a l l  t h e s e  p ro c e s s e s
i s  t h a t  a t  low t e m p e ra tu r e s  (~ l i q u i d  he l ium  tem pera tu re )  the y  give  r i s e
(41)to  very  smal l  s p i n - l a t t i c e  r e l a x a t i o n  r a t e s  ( long  r e l a x a t i o n  t ime)
1 .7 .  M a g n e t i c a l ly  Ordered and Paramagne t ic  Fe^+ Ions
For an S - s t a t e  Fe^+ (3dJ , i ° n the  i n t e r n a l  magnetic  f i e l d
a t  the  n uc leus  a r i s e s  e n t i r e l y  from the  Fermi Contac t  te rm ,  because  the  
o r b i t a l  and d i p o l a r  c o n t r i b u t i o n s  from an S - s t a t e  (L=0) ion a r e  ze ro .  This  
magnet ic f i e l d  depends upon th e  s p i n - s t a t e  o f  the  ion ,  and th e  exchanged 
coupled (or  m a g n e t i c a l l y  o rde red )  and th e  param agne t ic  Fe^+ io n s  behave in 
d i f f e r e n t  ways in  p roduc ing  t h e i r  magnet ic  h y p e r f in e  s p e c t r a  as d i s c u s s e d  belovv
1 . 7 . 1 .  M a g n e t i c a l ly  Ordered Ions
In f e r r o m a g n e t i c  o r  a n t i  f e r r o m a g n e t i c  o r d e r in g  th e  s t r o n g  
exchange i n t e r a c t i o n  ^ J  S^.S^ between t h e  s p in s  removes the  6 - f o l d  sp in  
degeneracy  such t h a t  the  ground s t a t e  o f  each Fe^+ ion  i s  g iven by
= +"V2 o r  - 'V 2, which may be e x c l u s i v e l y  occupied  a t  low te m p e ra tu r e s  
depending upon the  s t r e n g t h  o f  the  exchange.  I t  may be no ted  t h a t  t h e r e  
i s  no d i r e c t  s p i n - s p i n  r e l a x a t i o n  between s p in  s t a t e s  ± V 2 and they  produce
15 .
i d e n t i c a l  h y p e r f in e  s p e c t r a .  As the  te m p e ra tu r e  i n c r e a s e s  o t h e r  sp in
s t a t e s  become occupied  so t h a t  the  nuc leus  can ' s e e '  only  th e  thermal
(42)
average  o f  s p i n s ,  <  Sz >  . In  th e  l i m i t  o f  f a s t  r e l a x a t i o n
<  S >  z av
I  <  S >  e " Ei /kT 
i = l  z 1
£  e - E i / k T
i= l
( 1- 22)
-E-/kT thwhere e 1 i s  th e  Boltzmann p o p u la t i o n  o f  the  i —  s p in  s t a t e  and
<  X  = ±5/2,  ±3/2» ±V2* At h igh t e m p e ra t u r e s  when a l l  the  sp in  s t a t e s
a r e  e q u a l ly  occupied  <  S >  = 0 ,  and the  magnetic  h y p e r f in e  s p e c t r a
Z 3. V
col  l a p s e s .
1 . 7 .2 .  Paramagnetic  Ions
For param agne t ic  Fe^+ ions  no such exchange s p l i t t i n g  o f
s p in  s t a t e s  occurs  and hence <  = 0  a t  a l l  t e m p e r a t u r e s .  Consequent ly
(32)
no h y p e r f in e  spectrum can be u s u a l l y  expec ted  from param agne t ic  ions  
However, i f  t h e  r e l a x a t i o n  between sp in  s t a t e s  i s  slow each sp in  s t a t e  
can produce i t s  own h y p e r f i n e  spec trum. This  i s  t h e  s u b j e c t  o f  i n t e r e s t  
in  the  p r e s e n t  work.
1 .8 .  Hyper f ine S p e c t r a  from Paramagnetic  Fe^*
1 .8 .1 .  The I n t e r a c t i o n  Hami l ton ian
The complete Hamiltonian  f o r  th e  param agne t ic  Fe^+ ion i s
given b y ^
H c + H,CF hyp + H„ + g BH. S - gx,ßMH.T Q &e e 5N N (1-23)
where H^ and H  ^ a re  th e  c r y s t a l  f i e l d ,  th e  magne tic  h y p e r f in e  and
th e  n u c l e a r  quadrupole  i n t e r a c t i o n s  r e s p e c t i v e l y .  The l a s t  two terms 
r e p r e s e n t  the  e l e c t r o n i c  and n u c l e a r  Zeeman i n t e r a c t i o n s  r e s p e c t i v e l y  in
an e x t e r n a l  magnet ic  f i e l d  H.
1 6 .
( i )  For th e  ground s t a t e  o f  Fe^+ th e  c r y s t a l  f i e l d  i n t e r a c t i o n ,
which r e f l e c t s  the  l o c a l  symmetry around th e  Fe^+ ion ,  has been given in
(211most gene ra l  form by Bleaney and Stevens  as
CF S4+S4+S4 - i s ( S + l ) ( 3 S 2+3S-1) e n P 5
+ D Sz - i s ( S * l )
180 35 S4-30S(S+1)S* - 6S(S+1)+3S2 (S+1)2 + E ( S ' - S 2) , (1-24)a  y
where ( e , n , p )  a re  the  axes o f  cub ic  (o r  o c t a h e d r a l )  symmetry which in 
g e n e ra l  may no t  c o in c id e  wi th  th e  axes ( x , y , z )  o f  lower symmetry. The 
term ' a '  r e p r e s e n t s  th e  b a s i c  cub ic  symmetry, whereas D,F and E r e p r e s e n t  
th e  second o r d e r  a x i a l  ( t r i g o n a l  o r  t e t r a g o n a l  d i s t o r t i o n ) ,  f o u r t h  o rd e r  
a x i a l  ( u s u a l l y  very  sm a l l )  and th e  or thorhom bic  terms r e s p e c t i v e l y .  For 
a x i a l  symmetry A = = o and f o r  or thorhombic  symmetry 0 <  A ^  V3.
According to  Kramers theorem Fe?+ has t i m e - r e v e r s e d  s p in
s t a t e s  t h a t  a re  always d e g e n e ra te  p rov ided  t h e r e  i s  no magnetic  f i e l d
p r e s e n t .  The c r y s t a l  f i e l d  s p l i t s  the  s t a t e  i n t o  t h r e e  Kramers d o u b le t s  and
t h e i r  e i g e n s t a t e s  a r e ,  in  g e n e r a l ,  t h e  a p p r o p r i a t e  l i n e a r  combinations  o f
the  t h r e e  d o u b le t s  w i th  = | ±^/2 >  > I ± ^ 2  ^  and |± V 2  >  • As
D i s  the  most im por tan t  te rm in  th e  c r y s t a l  f i e l d ,  th e  o r d e r in g  o f  sp in
l e v e l s  and t h e i r  Boltzmann p o p u l a t i o n s  a re  de te rmined  mainly by t h e  s ign
and magnitude o f  D i t s e l f .  The c r y s t a l  f i e l d  s p l i t t i n g  o f  the  S - s t a t e  o f  the
Fe^+ ion i s  u s u a l l y  o f  t h e  o r d e r  o f  a few cm * on ly .  Fur therm ore ,  Blume's 
(381c a l c u l a t i o n s ^  ) show t h a t  t h e  s p i n - s p i n  r e l a x a t i o n  r a t e  i s  s m a l l e s t  f o r  
th e  doub le t  1 2 and l a r g e s t  f o r  th e  d o u b le t  ±V2*
( i i )  From the  e x p re s s io n  (1-1) th e  magnet ic  h y p e r f in e  i n t e r a c t i o n  f o r  
th e  Fe^ ion  can be g iven b y ^ ’ ^*^
hyp A. S . I
A S I + -HA +A ) (S  I z z z  4 x y v + - + S I ) + -A ) (S  I + S I ) - + 4 x  y ' ^ + +  - - (1-25)
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where A is the hyperfine coupling tensor which has three principal
components A , A and A along (X,Y,Z) axes.X > z
In the simplest case of an effective magnetic field along
('43')the z-axis this interaction becomes
hyp A <  S >  I z z z "gNqNHeff]
or Heff gN^ N
<  S >  --220 <  S >  kOe z z (1-26)
The effective magnetic hyperfine field at the nucleus is proportional to 
the expectation value of spin <  >  . The magnetic field of about
-220 kOe per spin just represents the usually observed values for Fe^+, 
and it may change to some extent from one system to another due to 
covalency effects.
(iii) The magnetic field produces nuclear and electronic Zeeman interactions. 
It may be added that the external magnetic field removes the spin 
degeneracy of the crystal field (Kramers) doublets.
(2 )1.8.2. Calculation of Spectrum  ^ J
The electron-nuclear basis states (for the Hamiltonian 1-1) 
are taken as |S,Sz >  |l,m >  so that the electronic and nuclear 
operators operate only as | S,S^ >  and | I,m^. >  parts respectively. The 
number of such basis states (2S+1)(2I+1) are 12 for the nuclear ground 
state and 24 for the nuclear excited state. The diagonalisation of the 
corresponding matrices gives 12 ground and 24 excited eigenstates.
The allowed transitions between the ground and excited
levels are only those for which Am^ . = 0 or ±1 and AS^ = 0 hold simul- 
(2)taneouslyv J . The selection rule AS = 0  comes from the fact that thez
magnetic dipole operator for nuclear transitions cannot connect different 
electronic substates.
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The intensity of a typical transition is given by
1(0) = I <  't’g|TLn,|4'e >  |T(0) . (1-27)
where i|) and ij) are the ground and excited eigenstates. Other terms § ®
have already been explained in Section 1.3. The intensity of powdered
(44)average spectra can be obtained by using Lang's method :
Average spectrum = 2(transverse spectrum) + (longitudinal spectrum).
At low temperatures when all the levels are not equally
populated, the thermal weighted intensity is obtained by multiplying
e'Eg/kTthe intensity expression 1(0) by a population factor p = ------777=- ,
I e'Eg/kl
where E is the energy of the appropriate ground level.
o
Finally, the Lorentzians centred at the energy of transitions 
and with appropriate depths are generated for the chosen linewidth and 
the superposition of all such Lorentzians gives the calculated spectra.
In this way the transverse and longitudinal spectra are first calculated 
and then combined in the proper proportion to yield the average spectrum.
The energy levels of paramagnetic Fe^+ and the transition scheme are 
given in Figure 1.1.
1.8.3. Spectra from Various Spin-States
In the slow spin relaxation limit a hyperfine spectrum from each 
spin state weighted by the appropriate Boltzmann factor is seen in the 
Mössbauer spectrum^“^  .
For the simple case of axial symmetry (X=0, p=0) the spin 
states |±^ /2 >  and | ±^2 >  produce the usual six line spectra with an 
'effective magnetic field' at the nucleus proportional to their respective 
spin values.
However, for the spin states |±^ /2 >  the presence of off- 
diagonal terms coming from (S+I + S_I+) destroys the effective field
+ 5/2 i
1 9 .
V ±3/2
-3/2
±5/2
±3/2
Ie = 3/2
Ig = l/2
Free 3+ ion Zero field + Electronic hyperfine
splitting Zeeman interaction
splitting
Figure 1 . 1 .
Fe3 +
Energy level diagram for the ground state S of a high spin 
ion. Two typical Mtfssbauer transitions are indicated.
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approximation, and this spin doublet produces a complex 11 line spectrum.^
In the presence of an external magnetic field the spin degeneracy is
removed. However, Sz = ±1/2 states remain coupled to the nucleus so long
as their Zeeman energy separation remains of the order of the hyperfine
interaction. This makes the spectra from = ±1/2 sensitive to external
(45)magnetic fields of the order of a few Oersteds . Such small random 
dipolar magnetic fields are usually present in the lattice, which may 
smear out or broaden the spectra from Sz = ±1/2• Moderate magnetic
fields of the order of ahundred Oersteds decouples the electronic spin from 
the nuclear one by producing electronic Zeeman separation between + V 2 and 
-I/2 far greater than the hyperfine interaction energy. This may be 
responsible for producing better resolved and well stabilized spectra 
from = ±1/2 in the presence of moderate external fields .
A non-zero value of A produces mixing between ±5/2, + M 2 and 
4V 2 spin states, and the effective field approximation for the spin 
doublets 12 an(i /2 may not: rema-in valid (depending on the amount of 
mixing). However, as the / 2 states are far separated from the ±1/2 
states, the effective magnetic field approximation remains almost 
reasonable. Thus for A^O the spectra from the spin states / 2 and t1/2 
are substantially modified^ .
1.9. Interactions for Paramagnetic Fe^+ Ions
2+ 6 5The electronic eigenstates of the high spin Fe (3d , D^ ) 
ion are obtained by considering a single 3d electron, outside the half- 
filled ferric shell, with L=2 and an effective net spin S=2. In the 
absence of any external magnetic field the total Hamiltonian for a 
paramagnetic Fe2+ ion is given by
Jf = Hcf ♦ xt.f♦ (Hhyp ♦ y  . (1-28)
One form of the electronic eigenstates is determined by the symmetry of
2 1 .
t h e  c r y s t a l  f i e l d  and the  s p i n - o r b i t  cou p l in g .  The magnet ic h y p e r f in e  
and quadrupole  i n t e r a c t i o n s  and th e  sp in  r e l a x a t i o n  p r o p e r t i e s  o f  th e  
ion depend on th e  ground s t a t e ( s )  and o t h e r  e x c i t e d  s t a t e s  t h a t  may be 
occupied  a t  a p a r t i c u l a r  t e m p e ra tu r e .
As both  L and S a re  non-ze ro  f o r  t h e  Fe^ + io n ,  th e  e f f e c t i v e  
magnetic  f i e l d  a t  i t s  n u c l e u s  in  the  most gene ra l  case  may a r i s e  from 
the  c o n t a c t ,  o r b i t a l  and d i p o l a r  te rm s .  From any s p i n - o r b i t a l  s t a t e
HS * - 2 Hc < S >
H. = 26 <  r " 3 >  <  L >L 0
(1-29)
(1-30)
where <  S >  and <  L >  a re  th e  e x p e c t a t i o n  va lu e s  o f  L and S r e s p e c t i v e l y  
along any d i r e c t i o n .  H i s  a c o n s t a n t  which i s  o f  th e  o r d e r  o f  500 kOe
f o r  Fe 2+ ( 10)
2 +The e x p re s s io n  f o r  th e  d i p o l a r  f i e l d  f o r  Fe may be o b t a in e d
^ 2
from th e  gene ra l  e x p r e s s io n  (1-5) .For  t i e . 3d c o n f i g u r a t i o n  a  = --^y > so t h a t
- 5T ße < r 1 >
3
j  L(L.S) + j  (L.S)L - L(L+1)S (1-31)
When t r e a t i n g  the  Fe^+ problem as a s i n g l e  e l e c t r o n  wi th  an e f f e c t i v e  
sp in  S = 2, the  above e x p r e s s io n  has to  be d iv id e d  by 4,  and t h i s  g ive s (46,47)
2T ^e <  r_ 3 > I  L ( O )  + | ( 0 ) £  - L(L+1)S (1-32)
The components o f  th e  d i p o l a r  magnet ic  f i e l d  along x ,y  and z d i r e c t i o n s  
k ( 47)a re  given  by
t  B <  r ~ 3 >  21 e f 3Lx - 6’ Sx + 2<Lx Ly + Ly Lx>Sy + j t Lx Lz + Lz Lx’ Sz
TT ß <  r ' 3 >  21 ke (3L2-6)S 4 ( L L  + L L )S + t (L L + L L )S y y 2 y z z y z 2 V x y y x '  x
A pe < r ' 3 > (3L2-6)S + ^(L  L + L L )S + | ( L  L + L L )Sz z 2 z x x z x 2 y z z y y
(1-33)
2 2 .
where (L , L , L  ) and (S ,S_,S  ) a re  the  o r b i t a l  and sp in  angu la r  x  ^ z x y Z
momentum o p e r a t o r s •
The e x p l i c i t  c a l c u l a t i o n s  o f  e l e c t r o n i c  e i g e n s t a t e s  and th e  
d i s c u s s i o n  o f  Mbssbauer i n t e r a c t i o n s  f o r  the  param agne t ic  Fe^ ion in
rhombohedral  magnesium c a rb o n a te  (MgCO_.) wi l l  be given in Chapters  4 and 5.
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CHAPTER 2.
Apparatus and Experimental Methods 
2.1. MBssbauer Spectrometer
A MBssbauer experiment consists of the recoilless emission
of y-photons from the radioactive nuclei in the source and their subsequent
recoil less resonant absorption by the nuclei in the absorber. In practice
the source emits the desired monochromatic y-radiation, while the energy
levels of the absorbing nuclei are slightly shifted and/or split up by
perturbing electrostatic and magnetic interactions. Consequently, small
energy shifts of the emitted y-radiation are needed for subsequent
resonant absorption and these are obtained by using the Donpler effect. In
transmission geometry the MBssbauer spectrometer measures the number (or
count rate) of y-photons transmitted through the absorber as a function
of source-velocity, while the absorber is kept stationary.
The MBssbauer spectrometer used for the present work^^ was
of the constant acceleration type. The velocity-reference signal similar
(49) /to that proposed by Cranshawv f that is, a linear ramp during data
accumulation period followed by a flyback period) was generated by a
minicomputer PDP 11/10, which also accumulated the MBssbauer spectra
57in 256, 512 or 1024 channels. The source was Co in palladium matrix, 
and the spectrometer was calibrated against a natural iron foil absorber 
using the data of Violet and Pipkorn^^.
The argon-methane gas filled proportional counters were used 
to count y-photons. For low temperature work a liquid helium cryostat 
of the type described by Cranshaw^^ was used. Magnetic fields up to 
300 Oe were produced by two small cylindrical permanent magnets
and higher fields up to 1 kOe by an electromagnet.
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2.2. Variable Temperature Controller
For taking spectra at temperatures between 4.2K and 295K a
variable temperature insert similar to that described by Cranshaw^^ was
used, and the absorber was maintained at any temperature in this range
by heating against a thermal leak to a liquid helium or liquid nitrogen
bath. The electronic circuit of the temperature controller was basically
(52)the same as given by Window . A carbon-sensor (15ft at 300K) was used 
for temperatures below 30K, and a copper-sensor (100ft at 300K) for 
temperatures above 30K. In addition a separate constantan heater (40ft 
at 300K) parallel to the bridge was used. When the balancing bridge, 
containing the sensor in one of its arms, gets out of balance the 
constantan heater starts heating. The temperature can be changed by 
varying the resistance in another arm of the bridge, which in effect 
requires another value of the sensor resistance for the balance
condition.
The temperatures of the sample were measured by a copper- 
constantan thermocouple kept in good thermal contact with the sample.
The accuracy of the measurements was within 10.50K for temperatures below 
20K, and ±0.25K for higher temperatures. This is due to the fact that 
at very low temperatures the copper-constantan thermocouple is not very 
sensitive.
2.3. Sample Preparations
2.3.1. Synthesis of Mullite (3A1 ,^0^ . 2SiO )^
Mullite is a high temperature stable aluminium silicate 
which occurs in nature in the form of very minute crystals and is a rare 
mineral. Mullite can be obtained by heating other forms of aluminium 
silicates,such as sillimanite and kyanite,up to 1700°C for several hours. 
However, in view of the required high purity of the sample, particularly 
from paramagnetic impurities, the mullite powder for the present study
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was prepared synthetically by the method reported by Mazdiyansi and
d (53)Brown
The mullite powder is obtained by the hydrolitic decomposition
of a stoichiometric mixture of aluminium and silicon alkoxides followed
by heating the precipitate at high temperature. The aluminium isopropoxide
Al(OC^Hy)^, reagent grade, was obtained commercially, and silicon
('54')isopropoxide Si(OC^H^)^ was prepared by the method of Bradley according 
to the reaction
SiCl . + 4C„H_0H + Si(OC-H^). + 4HC1 f .
4 3 7 85°C 3 7 4
Precautions were taken to exclude moisture, and pure dry nitrogen was 
continuously bubbled through the liquid to ensure thorough mixing. The 
product silicon isopropoxide was obtained as a colourless liquid.
Finally, Al(OC3H7)3 and Si(OC^H^)^ were taken in stoichiometric 
proportions and thoroughly mixed together in excess of isopropyl alcohol.
This mixture was added slowly to an excess of dilute ammonia solution 
(about 4% ammonia) to complete the hydrolysis
nh4oh
3A1(0C3H7)3 + Si(OC3H7)4 + x H20 -> Al3Si(OH)13. x H20 + 13 C ^ OH.
The precipitate hydroxy-alumino-silicate was dried at about 100°C to give 
the composition
100°C
3Al3Si(OH)13 + 3Al203.2Si02 + 13 H20 +
However, the powder x-ray diffraction at this stage 
showed only the amorphous nature of 3Al203.2Si02 mixed oxides. Subsequently 
it was heated at 1200°C for about 24 hours and cooled gradually. After 
this heat treatment the powder x-ray diffraction pattern (using CuKa 
radiationwith a Ni filter, A = 1.5405 8) showed all the prominent peaks 
corresponding to the mullite structure. This mullite powder was further 
heated at 1500°C for about 6 hours and the subsequent x-ray pattern showed
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a marked improvement in intensities of all the peaks, and hence
better crystallisation. The calculated d-values (inter-planar spacings) 
were found to be very close to those given in the ASTM-powder x-ray 
diffraction data book.
Mullite thus obtained was doped with paramagnetic Fe3+ (67% 
enriched 3 Fe) ions. The trivalent Fe3+enters into the mullite lattice 
substitutionally(^5,56,57) ^  trivalent AI3 sites, as is expected due
to a sind lar ionic radii and charge states of the two ions.
57Commercially obtained Fe^O^ (with 67% Fe isotope) was used 
to dope mullite. Fe?0^ was first dissolved in HC1, always heating gently, 
and then excess of dilute nitric acid was successively added to it until 
there was no excess of HC1 in the solution. It gave finally the ferric 
nitrate solution which was further diluted by adding distilled water.
This ferric nitrate solution, containing the desired amount 
of Fe3 , was dried on mullite powder which was pelletised and finally 
heated in air at 1250°C for 24 hours. The pellet was allowed to cool 
down slowly over a period of about 12 hours, recrushed, re-pelletised and 
again heated at the same temperature to ensure uniform distribution of 
Fe3+ ions into the host lattice. Three samples containing 0.09, 0.18 
and 0.27 atomic percent of Fe3 + in mullite were thus prepared.
2.3.2. Synthesis of Spinel MgAl^O^
The spinel for the present work was prepared by heating the
well-mixed sulphates of aluminium and magnesium at 1250°C for 12 hours,
(58)as reported by Birchall^ . The presence of single phase MgAl^O^ was 
confirmed by x-ray powder diffraction pattern. This spinel powder was 
doped with 0.10 atomic percent of Fe3 + in the same way as was mullite.
2.3.3. ZnO:Fe3+
Reagent grade ZnO powder was used and it was doped with 
0.20 and 0.50 at.% Fe3+ at 1250°C as discussed earlier.
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2.3.4. Hydrothermal Preparation of MgCO^:Fe^
The preparation of samples containing Fe^+ requires special 
precautions to get rid of oxygen from the material contents and the 
surroundings as far as possible. The carbonates of various metals can 
be easily obtained as precipitates by mixing the soluble salts (such as 
sulphates or chlorides) of the metal with the hydrogen carbonate solution 
of an alkaline metal (such as sodium or potassium). The reaction follows:
FeSO + 2NaHC0 -+ FeCO_ + 2 CO., + H.,0 + Na^SCL 4 3 3 2 2 2 4
MgS04 + 2NaHC03 + MgC03 + 2CC>2 + H20 + Na2SC>4 .
Because of the very low solubility of the carbonates in water at room 
temperature, good crystallisation usually requires heating the precipitate 
at high temperatures, which may not be often suitable for carbonates 
having low decomposition temperatures. In such situations, hydrothermal 
methods of preparation must be used, where the crystallisation process is 
accomplished at relatively low temperature, but under the presence of 
very high pressure (of the order of several kilobars ).
For the preparation of MgC03:Fe^+, the reagent grade MgS04,7H20, 
FeS04,7H90 and NaHCC>3 were used. First of all, 0.75M solution of NaHCO_ 
was prepared in distilled water which was then saturated with C02 by 
bubbling pure C0? through the solution for about 2 hours. This also 
serves the purpose of driving out any dissolved oxygen in the water.
Dry nitrogen was passed through another portion of distilled 
water to get rid of any dissolved oxygen, and this water was used for making 
solutions of magnesium and ferrous sulphates. The ferrous sulphate to 
be used was first washed with the above oxygen free distilled water and dried 
over filter paper in a glove-bag filled with carbon dioxide. Now the 
pre-calculated amounts of magnesium and ferrous sulphates, for any parti­
cular concentration of Fe^+ in MgCC>3, were dissolved in oxygen-free
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distilled water and thoroughly stirred. This solution of sulphates was 
taken in the autoclave and then NaHCO^ solution was added to it gradually 
up to 90% fill of the autoclave. During this filling CO^ was being passed 
over continuously to remove any oxygen left in the autoclave. Moreover, 
it was always ensured that the total amount of NaHCO^ in the autoclave was 
in excess (about 10 to 15%) of the amount required to complete the 
reaction with sulphates. This ensures complete decomposition of sulphates 
into carbonates.
The autoclave was quickly sealed and heated at 300°C for five
days in a hydrothermal furnace . For 90% fill of the autoclave, the water-
(59)vapour [H?0(liquid) + H^OCgas)] pressure1 J inside the autoclave is 
about 2.20 kilobars at 300°C.
The carbonate powder was taken out from the autoclave, filtered, 
well washed with distilled water and dried on filter paper in a glove-bag 
filled with CC^• Finally the sample was stored in vacuum.
In the above-mentioned manner several samples containing 10 
to 1 atomic percent of Fe^+ in MgCO^ were prepared. The x-ray powder 
diffraction pattern of all the samples indicated the single phase MgCO^ 
structure.
The samples with 10 to 2 atomic percent of Fe^+ in MgCO^ 
produced well resolved 6-line magnetic hyperfine Mössbauer spectra at 
4.2K indicating slow spin relaxation at this temperature, whereas the 
sample with 1 atomic percent Fe^+ produced only very broad and unresolved 
spectra. The sample with 1 atomic percent Fe^+ was prepared several 
times, and each time the Mössbauer spectra at 4.2K remained the same.
It indicates that probably for 1 atomic percent Fe^+ concentration some 
other phase of MgCO^, not distinguishable from x-ray powder pattern, is 
being produced. The site symmetry of Fe^+ for 1 percent concentration 
probably departs from the true trigonal (or axial) symmetry and may
2 9 .
account f o r  an in c r e a s e d  sp in  r e l a x a t i o n  r a t e  producing
broad ,  un reso lved  Mbssbauer s p e c t r a .  A s i m i l a r  e f f e c t  has been found f o r  
ZnC0^:Fe“+ system below 1 p e r c e n t  Fe“ + c o n c e n t r a t i o n s  .
In s p i t e  o f  a l l  the  p r e c a u t i o n s  ta ken  to  get  r i d  o f  oxygen 
dur ing  sample p r e p a r a t i o n ,  some Fe^+ im pur i ty  was always d e t e c t a b l e  from 
the  Mbssbauer s p e c t r a .  However, t h i s  im p u r i ty  appeared  to  be p r e s e n t  as 
a f i x e d  number o f  Fe^+ ions  r a t h e r  than a f ix ed  p e rc e n ta g e  o f  t o t a l  Fe- 
io n s .  This  makes th e  Fe^+ im pur i ty  almost  n e g l i g i b l e  f o r  10 to  5 p e r c e n t  
Fe“ samples ,  bu t  i n c r e a s i n g l y  more v i s i b l e  f o r  2 and 1 pe rc e n t  samples.
2 . 3 . 5 .  Hydrothermal P r e p a r a t i o n  o f  CaC0^:Fe^ and CdC0^:Fe^
Calcium and cadmium c a rb o n a te s  doped wi th  v a r io u s  amounts o f  
Fe^+ ions were p r e p a r e d  h y d ro th e rm a l ly  a t  the  same w a te r -v ap o u r  p r e s s u r e  
and t e m pera tu re  as used f o r  the  p r e p a r a t i o n  of  MgC0^:Fe^ . The chemica ls  
CaCl? and FeCl9 were used in the  p r e p a r a t i o n  o f  CaC0^:Fe^ , as CaSO^ has 
very small  s o l u b i l i t y  in w a te r .  The s u lp h a t e s  of  cadmium and i ro n  were 
used in p r e p a r i n g  CdC0^:Fe“ + . The x - ray  powder d i f f r a c t i o n  p a t t e r n  o f  
each sample i n d i c a t e d  the  s i n g l e  phase ca rb o n a te  s t r u c t u r e .
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CHAPTER 3.
Spin Relaxation of Paramagnetic Fe^ Ions
3.1. Mullite:Fe3+
3.1.1. Introduction
The Mbssbauer hyperfine spectra of slowly relaxing paramagnetic Fe' 
Lons have been observed in various diamagnetic host lattices^ ^  at 
low temperatures. In most of the cases where the detailed analysis of the 
spectra has been reported, the Fe^+ ions occupied axially symmetric 
sites(2’6’ .
For Fe^+ ions in axially symmetric sites, the hyperfine spectra 
from the Kramers doublet ±1/2 have been found to be field sensitive^^,^ >^  ^
and could be observed only in the presence of moderate magnetic fields. 
However, if the site symmetry of Fe^+ is predominantly rhombic, the mixing 
between Kramers doublets may reduce the effect of small magnetic fields 
on the ±1 / 2 spectrum and consequently make it more easily observable. The 
aluminium silicates(13,61) _ andalusite, sillimanite, kyanite and mullite - 
constitute the suitable diamagnetic host lattices which can provide rhombic 
sites for Fe^+ ions, when substituted for Al^+ ions. The natural minerals 
usually contain various paramagnetic impurities which effectively enhance 
the spin-spin relaxation of Fe^+ ions, and therefore are not ideally suitable 
for slow spin relaxation studies. As the mullite phase could be easily 
synthesized, it has been chosen as a representative host lattice to study 
the hyperfine spectra of paramagnetic Fe^+ in sites of lower symmetry.
3.1.2. Structure of Mullite
Mullite (SAl^O^.ZSiO^) has orthorhombic symmetry and its 
s t r u c t u r e >63,64) may be considered to consist of chains of AlO^ octahedra 
linked by groups of AlO^ and SiO^ tetrahedra (Figure 3.1). The unit cell 
of mullite contains 0.80 formula units, and in each unit cell 2 A1 atoms
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are on octahedral sites with a mean bond length of 1.89 ft, 0.80 A1 atoms 
are on tetrahedral sites with a mean bond length of 1.80 ft and the remaining 
2 A1 and 1.6 Si atoms are on smaller tetrahedral sites with mean bond 
lengths varying between 1.72 to 1.75 ft^^ . The subsequent random dis­
tribution of lattice vacancies results in variations around the filled sites.
3.1.3. Results and Discussion
The room temperature spectra from 0.09, 0.18 and 0.27 atomic 
percent of Fe^+ ions in mullite, shown in Figure 3.2, are complex and broad. 
The peaks well removed from zero velocity indicate a significant magnetic 
hyperfine interaction. For higher concentrations (0.18 and 0.27%) of Fe^+ 
the enhanced spin-spin relaxation has produced sharper absorptions in the 
central region. The splitting of this central absorption is attributed to 
the quadrupole interaction. The 5% and 9% Fe^+ samples give only the 
quadrupole splittings, as shown in Figure 3.3. Such a concentration depen­
dence indicates that the spectra for very small concentrations of Fe^+ 
are not due to any exchanged coupled large Fe^+ clusters or magnetic 
ordering, but are rather due to a distribution of slow spin relaxation 
rates. The sample containing 0.09 at.% of Fe^+ was used to study (at low 
temperatures) the slow spin relaxation spectra from paramagnetic Fe^+.
In a spectrum taken at 77K and shown in Figure 3.4 the peaks 
have become sharper as a result of increased spin-lattice relaxation time.
At 4.2K, Figure 3.4, the peak at 8.30 mm/sec. has considerably increased, 
while that at 9.20 mm/sec. has reduced in intensity relative to each other. 
This immediately indicates that the peak at 8.30 mm/sec. is a part of 
the spectrum of the ground Kramers doublet, whereas the peak at 9.20 mm/sec. 
belongs to the spectrum of another Kramers doublet higher in energy. The 
Kramers doublet ± V 2 produces the maximum splitting in hyperfine spectra 
and hence the peak at 9.20 mm/sec. can be regarded as coming from the
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T = 295 K
Velocity(m m/sec)
Figure 3.2. Mössbauer spectra for the three different small concentrations 
of Fe'^  + in mullite - (a) 0.09 at.% Fe'^ +, (b) 0.18 at.% Fe^+,
(c) 0.27 nt.°6 Fe'"+.
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spectrum of the doublet ±5/2« This indicates that the 
doublet ±5/2 is higher in energy, that is, the D is positive, for the 
Fe^+ ions giving these peaks. The full splitting of the spectrum of 
the doublet /2 is only three-fifth of that of the doublet ±5/2, and 
hence the line at 8.30 mm/sec. cannot be assigned to be a part of the 
spectrum of the doublet ±5/2; rather it may be a part of the spectrum 
of the doublet ±1/2- In a spectrum taken at 1.7K, Figure 3.5, the 
line at 8.30 mm/sec. has further increased its intensity relative to 
the line at 9.20 mm/sec., and this change in intensity indicates the 
crystal field splitting (or the zero field splitting) between Kramers 
doublets ±5/2 and ±1/2 is of the order of 1 cm *.
As a result of the structural complexities of mullite the 
Mbssbauer spectra will, in fact, be a summation over a wide range of 
different sites available for Fe^+ ions. The quadrupole split spectra, 
shown in Figure 3.3, for the high concentration of Fe'^ + ions are still 
too broad to be well fitted and may indicate the distribution of Fe^+ 
sites. However, to make the analysis easier, it has been assumed that 
all the tetrahedral Fe^ will have similar spectra, so that the observed 
spectra can be treated as the sum of only two different spectra - one 
from the tetrahedral and the other from the octahedral Fe^+ ions. The 
initial values of D and E parameters for Fe^+ in mullite were obtained 
from the EPR study of Fe^+ in natural sil 1 i m a n i t e . The mullite 
structure is derived from the sillimanite structure by removing some 
oxygen atoms, randomising the A1 and Si atoms and generating some new 
A1 sites, and the x-ray pattern^^ of these two minerals are almost 
identical. From an EPR s t u d y t h e  values of D and E crystal field 
parameters for tetrahedral Fe^+ in sillimanite were found as 0.174 cm * 
and 0.054 cm  ^ respectively, whereas for octahedral Fe^+ these parameters 
were 1.18 cm  ^ and 0.138 cm ^. The changes in the intensities of the
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120 Oe
260 Oe
300 Oe
300 Oe
Velocity (m m/s ec)
Figure 3.5. Mössbauer spectra taken at 1.7 and 4.2K in magnetic field applied 
perpendicular to the y-ray direction. The solid curves are the calculated 
spectra for the parameters given in Table 3.1. The calculated contributions 
from (A) the tetrahedral Fe3 and (B) the octahedral Fe3 to the spectrum of 
mullite taken at 1.7K in a field of 300 Oe are shown individually.
3 8 .
peaks at 8.30 mm/sec. and 9.20 mm/sec. are consistent with Fe ions 
on low D-value site and hence these two peaks were assigned to tetra-
^ + 3 +hedral-Fe in mullite. The octahedral Fe ions having a large D-value 
give a significant contribution only to the central region of the spectra.
3.1.4. The Calculated Hyperfine Spectra
A computer programme, based on the theory given in Chapter 1, 
was used to generate the calculated hyperfine spectra for different sets 
of parameters. The large difference in D-values for the two types of 
Fe^+ ions simplifies the fitting of the spectra. The parameters for 
tetrahedral Fe^+ were first adjusted until the outer peaks of the spectra 
were fitted. The spectrum of octahedral Fe^+ was then calculated and 
added in various proportions with that of tetrahedral Fe'^  until the 
broad peaks in the regions of -4.0 mm/sec and 6.0 mm/sec were almost 
fitted. Because of the lack of distinct outer peaks for the octahedral 
Fe^+, the isomer shift and the magnetic hyperfine coupling tensor A were 
taken to be the same as those for the tetrahedral Fe'^  . The electronic 
g^  tensor and the hyperfine coupling tensor A were always assumed to be 
isotropic. A value of 2.004 was used for the electronic gg. The values 
of the quadrupole splitting and the isomer shift for Fe^ ions in the 
two sites were esimated from the quadrupole-split spectra, shown in 
Figure 3.3. The value of q was assumed to be equal to ^E/p^ as given 
by the point-charge crystal field calculations, because small changes 
in n produced little effect on the overall calculated spectra. The ratio 
of tetrahedral to octahedral Fe^ was found to be about 1.70 to give 
the best result, and this value is slightly greater than the ratio 1.40 
of possible Al^+ sites in the mullite unit cell. The final parameters 
obtained are given in Table 3.1.
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Table 3.1. Experimentally determined parameters for Fe in mullite 
at 4.2K.
Parameter Tetrahedralc 3+Fe
Octahedral
r 3+Fe
Zero field splitting (D) 0.20 ± 0.01 1.18 ± 0.02 cm'1
X = e/d 0.23 0.051
Ground state hyperfine 
coupling constant Ag -2.64 ± 0.01 -2.64 ± 0.01 mm/sec.
Associated hyperfine 
field |H| 229 ± 2 229 ± 2 kOe/spin
n 0.69 0.15
Quadrupole splitting (AEq) 0.70 0.90 mm/sec.
Isomer shift 0.30 0.30 mm/sec.
Full width of Lorentzian 
(FWHM) 0.50 0.50 mm/sec.
(Isomer shift is relative to an iron-foil absorber at 295K)
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The values of parameter a and F, which are usually very small, could not 
be determined meaningfully as these parameters have very little effect 
on the calculated spectra. The above isomer shifts are given at 4.2K.
The average spectra of tetrahedral and octahedral Fe^ at 
1.7K for external field of 300 Oe are separately given in Figure 3.5. 
Figure 3.5 also shows the calculated spectra superimposed on various 
observed spectra. Poor fits to data in the central region are evident. 
However, the manner in which the peaks around 1 mm/sec. broaden and 
spread out as the field is applied or the sample is cooled down indicates 
the presence of a third type of Fe^+ ions. Moreover, the room temperature 
spectrum of the sample containing 0.18 at.0» Fe^ shows a large 
contribution from the relatively fast relaxing Fe^+ ions giving a deep 
central absorption. This is due to the presence of an Fe^+ ion with 
another close Fe^+ neighbour, which enhances spin-spin relaxation. With 
0.09 at.% sample, similar pairs of neighbouring Fe^+ ions may be present 
to some extent and this could account for some additional absorption 
in the central region of the spectra giving poor fits.
Despite the discrepancies between the calculated and
observed spectra, the two parameters D and E can be obtained with some 
confidence, and there appears to be a good agreement between the crystal 
field parameters of Fe^+ in mullite and sillimanite. It is interesting 
to note that the octahedral Fe^+ in the other two Al^SiO^ polymorphs, 
kyanite and andalusite, also have large D values of 1.30 and 1.88 cm * 
r e s p e c t i v e l y . The magnetic field |h | of 229±2 kOe/spin at the 
nucleus of tetrahedral Fe^+ ions is somewhat higher than usually observed
values for tetrahedral Fe^+ in spinel (|h | = 202 to 210 k O e / s p i n ) .(8)
3.1.5. Spectrum from the Doublet / 2 Observed in Zero Field.
A very interesting and important feature of the hyperfine 
spectra of paramagnetic Fe^+ in mullite is that the spectrum of the
41.
Kramers doublet /2 is well observable even in zero applied field, 
as is evident by the presence of the strong peak at 8.30 mm/sec. At 
the same time the observed spectra are not very sensitive to small or 
moderate applied fields. This is in sharp contrast with the observation 
for the paramagnetic Fe^ on axially symmetric (A=0) sites in Al^O^, 
where an important peak belonging to the spectrum of the doublet ±1/2 
emerges for the applied field of the order of 120 Oe only^^ , and the
spectra differ considerably from the one in zero applied field. Similar
3 "4" r ^  aeffects have been observed for Fe on an axial ly symmetric site in LiAl^Og
In these systems moderate external magnetic fields were needed to over­
come the effects of small random dipolar fields within the lattice, 
which usually smears out the ±1/2 spectrum. The calculated spectra 
of the doublet / 2 for Fe3+on an axial ly symmetric site show substantial
changes for small and moderate applied fields and this makes the spectra 
sensitive to such fields.
3.1.6. Average Spectrum from the Doublet ±1/2 for A=0.23.
To explain the unusually field-sensitive spectrum of the 
doublet ±1/2 of tetrahedral Fe3+ in mullite, the average spectra of 
this doublet for small random dipolar fields of the order of 5 to 10 Oe 
have been calculated and are given in Figure 3.6. The zero-field spectrum 
of the doublet ±1/2 is very sensitive to the value of A (= /D) itself, 
as shown by Wickman, Klein and Shirley^^. In the present case the 
calculated spectra,shown in Figure 3.6, of the doublet ±1/2 for A=0.23 
show that for a random field of about 10 Oe the peak at 8.30 mm/sec. 
becomes almost field independent and most intense as well. This is the 
peak which is persistently observed and remains almost unaffected by 
applied magnetic fields,suggesting that random dipolar fields
of the order of a few oersted do act on Fe" ions. This leads to the 
conclusion that for high value of A, the peak at about 8.0 mm/sec. 
and possibly the entire hyperfine spectrum of the
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doublet ± V 2 gets almost stabilised in the presence of very small 
magnetic fields already present within the lattice and hence clearly 
identifiable even in zero-applied field.
3.1.7. Contribution from the Spectrum of the Doublet / 2 295K
Another remarkable novel feature of the tetrahedral Fe^+ in 
mullite is that the spectrum of the doublet ±1/2 remains resolved up 
to 295K along with the spectrum of the doublet ±5/2. This is apparent 
from the wel1-identifiable peak at 8.30 mm/sec. at 295K. This feature 
suggests that the spin-lattice relaxation times of the doublets ±5/2 
and ±1/2, or possibly all the three doublets, are of the same order, if 
the spin-spin relaxation be ignored for very dilute systems. The
(7)theoretical calculations show that the spin-lattice relaxation time 
of the doublet ±5/2 is longer (by a factor of about 1.5) than that of 
the doublet ±5/2, but no such direct comparison is possible for the 
doublet ±1/2 without a detailed knowledge of the phonon spectrum of the 
system. It is difficult to say whether the very similar spin-lattice 
relaxation times for the doublets ±^2 and ±1/2 are a unique feature of 
this system only, or are generally true, because in other systems studied 
so far the spectrum of the doublet ±V2 has not been so clearly identifiable 
at high temperatures.
3.2. Spinel MgAl^O^:Fe 
3.2.1. Introduction
3+
3+The paramagnetic Fe ions in spinel LiAl 0 have two
b  o
r o ')
remarkable properties1 . (i) their hyperfine spectra remains unusually
sharp up to room temperature, indicating a small spin-lattice relaxation 
rate over a wide range of temperature, and (ii) for small concentrations 
they enter mainly into tetrahedrally coordinated sites. If these
properties are characteristic of the spinel-type structure, the
4 4 .
param agne t ic  Fe^+ ions  in  o t h e r  members o f  the  s p i n e l - s e r i e s  may e x h i b i t  
s i m i l a r  behav iou r .  However, a r e c e n t  Mbssbauer s tudy  o f  d i l u t e  Fe^+ 
in  s y n t h e t i c  s p in e l  MgAl^O^ by B i r c h a l l  and R e id 1' J has sugges ted  t h a t  
Fe^+ e n t e r e d  in t o  o c t a h e d r a l  s i t e s  on ly .  I t  appears  t h a t  t h e i r  s p e c t r a  
were not wel l  r e s o l v e d ,  and more p a r t i c u l a r l y  the  t e m pera tu re -dependen t  
f e a t u r e s  o f  th e  s p e c t r a ,  which might  he lp  c o n s id e r a b ly  t o  a r r i v e  a t  
any c o n c lu s io n ,  were no t  observed ,  as no s p e c t r a  were taken  below 
77K. Hence in  th e  p r e s e n t  work the  h y p e r f in e  s p e c t r a  o f  param agne t ic  
Fe^ in s y n t h e t i c  s p i n e l  MgAl?0^ have been re-examined  in d e t a i l  to 
o b t a i n  a b e t t e r  u n d e r s t a n d in g  o f  th e  r e l a x a t i o n  behav iour  o f  Fe^+ in  
s p i n e l - t y p e  s t r u c t u r e s .
3 . 2 . 2 .  S t r u c t u r e  o f  S p ine l  MgAl^0^
The atomic ar rangement  c h a r a c t e r i s t i c  o f  s p i n e l  MgAl^O^ 
s t r u c t u r e  has become very  im por tan t  and i s  a p p l i c a b l e  to  a l a rg e  number
o f  compounds c o n s t i t u t i n g  the  s o - c a l l e d  ' s p i n e l - s e r i e s ' . Spinel
has cubic  s y m m e t r y ( ^ » ^ l )  ancj un^t  c e l l  c o n t a in s  8 formula  u n i t s .
The s p i n e l  s t r u c t u r e  has been f u r t h e r  c l a s s i f i e d  i n t o  normal and in v e r s e  
ty p e s  based on the  d i s t r i b u t i o n  o f  metal  atoms (Al^+,Mg^+) among the  
a v a i l a b l e  s i t e s .  In a n o r m a l - s p i n e l  s t r u c t u r e ( - ^ » ^ l )  t h e  8 d i v a l e n t  
magnesium atoms a r e  t e t r a h e d r a l l y  c o o rd in a te d  with  oxygen atoms,  w hi le  
t h e  16 t r i v a l e n t  aluminium atoms a re  o c t a h e d r a l l y  c o o rd in a te d  wi th 
oxygen atoms.  In an i n v e r s e - s p i n e l  s t r u c t u r e h a l f  o f  th e  aluminium
atoms a re  in  t e t r a h e d r a l  s i t e s  and t h e  r e s t  o f  t h e  aluminium atoms p lu s  
th e  magnesium atoms t o g e t h e r  a re  in o c t a h e d r a l  s i t e s .  Many o t h e r  cases  
o f  p a r t i a l l y  in v e r s e  s t r u c t u r e s  a re  known in which the  d i s t r i b u t i o n  o f  
metal  atoms l i e s  somewhere between th e s e  two extreme a r rangem en ts .  The 
degree  o f  i n v e r s i o n  f o r  s y n t h e t i c  s p in e l  MgAl^O^ has been found to  be 
between 10 to  30 p e r c e n t  depending on th e  manner o f  p r e p a r a t i o n 1 . 
S p in e l  makes a good s o l i d  s o l u t i o n  with  Fe?0^ f o r  a wide range  o f  con­
( 61 )
cent  r a t i o n ^  .
4 5 .
3.2.3. Results
The spectra of 0.10 at, % Fe^+ doped-spinel at
295, 77 and 4.2K with no applied magnetic field are shown in Figure 3.7.
At 295K a broadened six line magnetic hyperfine spectrum is seen which 
indicates a distribution of fairly slow spin-relaxation rates for Fe^+ 
ions even at this temperature. Cooling the sample down to 77K leads 
to sharpening of the lines mainly as a result of longer spin-lattice 
relaxation time, and more importantly causes some new peaks to appear. 
Further cooling the sample down to 4.2K results in substantial changes 
in the relative intensities of these lines, particularly in the two end 
lines on the positive velocity side. From these spectra several results 
can be deduced.
As the spin-relaxation time of the doublet ±5/2 is usually 
longest,the sharp peaks at 295K may be identified as primarily due to this 
level. Cooling to 77K produces a second similar six-line spectrum, but 
with a larger isomer shift and full splitting, showing that two types of Fe 
ions are present in the spinel. The Fe^+ giving this spectrum will 
be labelled as A type and the former B type. The end line at 9.30 mm/sec. 
can be regarded as a part of the spectrum of the doublet ±5/2 from 
A-type Fe^ , as this doublet is known to produce maximum splitting in 
hyperfine spectra. At 4.2K this line, and consequently the ±^/2 pattern 
of A-type Fe^ , almost disappears, whereas the B pattern remains.
Hence for the A-type Fe^ ions the ±5/2 Kramers doublet is uppermost 
in energy and the crystal field splitting is of the order of 4.2K.
But for the B-type Fe^+ ions the energy separation between Kramers 
doublets is very small or the ±5/2 doublet is the ground state. The 
spectra at 1.5K further support this conclusion.
The spectra of the spinel in magnetic fields of 30 to 
1000 Oersted applied perpendicular to y-ray direction are shown in 
Figure 3.8, and the better resolution in the central region is immediately
29
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T = 4.2K
H=30 Oe
H = 15 0 Oe
H= 3 0 0 Oe
H = 10 0 0 Oe
T =1.5K
H-3 0 0 Oe
Velocity (m m /se c )
F i g u r e  3 . 8 .  Mfcfssbauer s p e c t r a  o f  F e " +-doped s p i n e l  t a k e n  a t  4 . 2  and 1.5K in  
ma gne t i c  f i e l d s  t r a n s v e r s e  t o  t h e  y - r a y  beam. S o l i d  c u r v e s  a r e  c a l c u l a t e d  
w i t h  t he  p a r a m e t e r s  g i ven  in Tab l e  3 . 2 .
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seen. This indicates that magnetic field of small to moderate strength 
has polarised the electronic spin to some extent. These spectra are 
now amenable to comparison with the computer-calculated spectra using 
the Hamiltonian and the method described in detail in Chapter 1.
3.2.4. The Calculated Spectra and Fitting
In analysing the spectra the hyperfine interaction tensor, A, 
and the electronic g-tensor were again assumed to be isotropic, q was 
taken to be equal to ^E/p and the value of electronic g was taken to be 
equal to 2.004. The spectra were generated for Fe^ + in both the sites, 
added together in variable ratios and then compared with the observed 
spectra. The best fit was obtained when the spectra from the two sites 
were added in equal proportions of the area. The best values of the 
various parameters at 4.2K are given in Table 3.2.
The spectra were calculated so that |X| = e/d had positive 
values. The usually very small crystal field terms containing a and F 
were dropped out from the calculation. The parameter n could not be 
determined independently as it had little effect on the spectra.
The spectra calculated with the above parameters are shown 
plotted over the relevant observed spectra in Figure 3.8. The individual 
contributions by the tetrahedral and octahedral Fe^+ ions to the final 
spectrum for an applied field of 300 Oe at 4.2K are shown in Figure 3.9. 
As is expected, the agreement between the calculated curve and observed 
data improves with increasing fields, especially in the central region 
of the spectra. The improvement in the fit in going to 1 kOe indicates 
that some polarisation of the electronic spins does occur in the 300 to 
1000 Oersted range.
3.2.5. Discussion
The smaller values of the hyperfine field, |h |, and the 
isomer shift for B-type Fe^+ ions indicate that these ions are more
49.
Table 3.2. Experimentally determined parameter for Fe in MgAl^O^ 
at 4.2K.
Parameter Site A
n 3+Fe
Site B
c 3+Fe
Zero field splitting (D) 0.50 ± 0.02 -0.08 ± 0.02 cm *
X = e/d 0.26 0.15
Ground state hyperfine 
coupling constant (Ag) -2.60 ± 0.01 -2.39 ± 0.01 mm/sec.
Associated hyperfine 
field |H| 222 ± 2 202 ± 2 kOe/spin
n 0.78 0.45
Quadrupole splitting (AE^) 0.91 0.46 mm/sec.
Isomer shift 0.43 0.36 mm/sec.
Full width of the Lorentzian 
(FWHM)
0.40 0.40 mm/sec.
50.
UOI}rJjosq\/ Fig
ur
e 
3.
9.
 
Ca
lc
ul
at
ed
 s
pe
ct
ra
 f
or
: 
(a
) 
Fe
 
in
 t
he
 t
et
ra
he
dr
al
 
si
te
, 
an
d 
(b
) 
Fe
' 
in
 t
he
 o
ct
ah
ed
ra
l 
si
te
 i
n
sy
nt
he
ti
c 
sp
in
el
 a
t 
4.
2K
 i
n 
an
 a
pp
li
ed
 t
ra
ns
ve
rs
e 
fi
el
d 
of
 3
00
 O
e.
 
Th
e 
sp
ec
tr
um
 e
xp
ec
te
d 
fr
om
 e
ac
h 
Kr
am
er
s 
do
ub
le
t 
is
 s
ho
wn
, 
th
e 
gr
ou
nd
 d
ou
bl
et
 b
ei
ng
 p
lo
tt
ed
 f
ir
st
.
51.
covalently bonded than A-type ions, quite consistent with the former 
being tetrahedrally coordinated and the latter octahedrally coordinated.
The value of |h | of 222 kOe/spin determined here for A-type Fe^+ is 
similar to the value of 219 kOe/spin obtained for octahedrally coordinated 
Fe^+ in a-Al^O.^^, and |Hj of 202 kOe/spin found for B-type Fe^+ is 
very close to the value of 204 kOe/spin measured for tetrahedrally 
coordinated Fe^+ in spinel LiAlc0o ^ . This trend supports the aboveb o
assignment of sites.
The tetrahedral site in a normal spinel has almost cubic
('13')symmetry, whereas the octahedral site has a trigonal distortion 
The disorder in the spinel will lower both these symmetries, but the 
small value of D for the B-type ions shows these ions to be in a near 
cubic site and further confirms the assignment of the two types of Fe^+ 
ions.
The value of -0.08 cm  ^of the parameter D obtained for
tetrahedral Fe^+ in spinel MgAl^O^ is very close to the value -0.101 cm *
3+ (8)obtained for tetrahedral Fe , from EPR study, in spinel LiAlc0o. However,b o
the value of 0.50 cm * of the parameter D for octahedral Fe^+ in 
synthetic spinel here is considerably higher than the value 0.247 cm * 
for octahedral Fe^+ in natural spinel MgAl^O^ obtained from EPR.^^
This may be expected as a result of further disorder in synthetic spinel, 
which is also exhibited by the fact that X = 0.26 for Fe^+ in synthetic 
spinel, whereas X = 0 for Fe^+ in natural spinel MgAl^O^.
The X(=E/0) values of octahedrally (X = 0.26) and tetrahedrally 
coordinated (X = 0.15) Fe^+ in synthetic spinel here show that both the 
sites have large departures from axial symmetry (X= 0), with the octahedral 
site approaching almost rhombic symmetry (X = 0.33), whilst departures 
from axial symmetry have been found for Cr^+ in the octahedral site in 
MgA^O^ (X = 0.033)^^ and for the Al^+ in the same site in ordered
52.
LiAlcO (n = 3A - 0.40)^^. The size of the rhombic distortionb o
observed here suggests that this is due to more than just the disorder
in the spinel. The replacement of Al^+ by the larger Fe^+ could cause
some distortion of the surrounding oxygen polyhedra. A recent survey (71)
of EPR and NMR asymmetry parameters for Fe^+ and Al^+ in aluminosilicate
minerals showed that these can vary quite unpredictably for the two ions
in nominally the same sites. Several examples are also known of Fe^+
in biological molecules in sites which have been determined by x-ray
crystallography to be of trigonal symmetry, but for which both the
Mössbauer and F.PR data are best represented by an electronic model
(72)having rhombic symmetry . Clearly, the nuclear levels are very 
sensitive to minor distortions in the spatial symmetry around the Fe^+ 
ions and shows a need for caution in deducing structural details from 
impurity studies.
The best agreement of the calculated and experimental spectra 
was obtained with equal contributions from each Fe^+ site, implying 
the spinel has almost equal populations of the iron on the two sites.
r £ o
From previous studies^ ] the disorder in the present sample of spinel 
is probably around 30% giving the spinel a composition near (Mg^ ^Al^ 3^tetra 
[Al, _Mg_ _]  ^ 0.. Thus in low concentrations the iron has a strong
preference to enter the tetrahedral site. This is not surprising con­
sidering the similarity of the ionic r a d i i o f  Mg^ + (0.49 ft) and 
Fe^ (0.49 ft) in tetrahedral coordination, and the difference between 
the radii of Al'^ + (0.48 ft) and Fe^+ (0.65 ft) in octahedral coordination.
The small amounts of Fe^+ in the ordered spinel, LiAl 0o, enter completelyb o
into the tetrahedral site
3.2.6. Spectrum from the Doublet ±V2 for A = 0.26.
One effect of the high A value of the octahedrally coordinated 
Fe'^ + is to make the average spectrum of the doublet ±1/2 almost independent
53.
of applied fields above a few Oersteds (as also seen previously in the
case of tetrahedral Fe'^ + in mullite). The zero-field spectrum of the
doublet + V 2 for A=0 consists of 11 strong lines^. The average
spectrum, shown in Figure 3.10, of the doublet ±V2 calculated for
octahedral Fe^+ (A=0.26) in spinel sample in an applied field of 5 Oe
shows almost a six-line pattern having intensity ratios approximately
3:2:1:1:4:6. These intensities become near those of Figure 3.9b, which
are calculated for a field of 300 Oe, under a field of 15 Oe only.
That is, the spectrum of the ±1/2 doublet for a high value of A reduces
almost into a six-line stable spectrum similar to that in Figure 3.9b
in magnetic fielet of 10 to 15 Oersted. For higher fields there is
little further change. The zero field spectrum of spinel taken at 4.2K
shows sharp lines at 5.80 and -8.30 mm/sec. identifiable as arising
from the ±1/2 doublet of the A-type (octahedral) Fe^+. The intensity
of this -8.30 mm/sec. line shows there is an internal dipolar field in
the spinel of the order of 10 Oe originating mainly from the nuclear
moments of neighbouring ^A1 ions. In contrast,for dilute Fe^+ in axial
crystal fielet where A - 0, such a dipolar field would smear out the
spectrum from the doublet as is seen in LiAl 0 ^  and A1_0 ^  .b o  Z o
In essence, the results of tetrahedral Fe^+ (A=0.23) in 
mullite and octahedral Fe^+ (A=0.26) in spinel establish conclusively 
that for high A values the spectrum of the doublet ±1/2 can be well 
observed in zero or very small applied fields.
3.2.7. The Relaxation Behaviour of Tetrahedral and Octahedral Fe^+ 
Ions.
A further interesting feature of the spectra of dilute Fe^+ 
in spinel is the large difference in spin-lattice relaxation times of 
the two types of ferric ions. The Fe^+ in tetrahedral site gives a 
clear and fully resolved spectrum at room temperature, whereas cooling
5 4 .
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down to 77K is required to see distinctly the spectrum from Fe on an 
octahedral site. The expressions for spin-lattice relaxation times of 
S-state Fe^+ given by Svetozarov^"^ show that the relaxation time is 
longer for smaller crystal field splitting and higher Debye temperature.
The crystal field splitting (-6D) for tetrahedral Fe^ ions is about 
6 times smaller than that for the octahedral Fe^ ions, and this alone 
can account for the longer relaxation time of tetrahedral Fe^+. In 
section 3.4, a discussion of possible relaxation processes for
Fe^+ has been given.
3.2.8. Spectra from High Fe^+ Concentration Samples
The spectra of 5 and 10 at.% Fe^ in spinel show
only quadrupole splittings over the temperature range 4.2 to 295K. This
is due to fast spin-spin relaxation rates between very close ferric
ions as a result of their increased concentration in the sample. The
3+spectra for the 10 at.% Fe" sample are shown in Figure 3.11. These spectra 
have been fitted as two quadrupole doublets from Fe^+ in two different 
sites. The quadrupole splittings (AE^), isomer shifts (I.S.) etc. 
obtained from these spectra are given in Table 3.3.
Table 3.3.
7. AE0 I.S. FWHM T faAlr -,+Fe site
(mm/sec) (mm/sec) (mm/sec) ( K)
Site A 0.89 0.28 0.44 295 L. 69
Site B 0.50 0.20 0.36
Site A 0.89 0.39 0.50
4.2 2.11
Site B 0.50 0.31 0.39
(aA/ag) indicates the ratio of the absorption areas for Fe^ in site A 
and site B. The isomer shift is relative to iron-foil absorber. The fitted 
parameters have an accuracy of ± 0.01 mm/sec.
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The values of quadrupole splitting and isomer shift indicate 
more covalent bonding for Fe^ in site B, than in site A. Hence site B 
can be regarded as tetrahedrally coordinated and site A as octahedrally 
coordinated. Thus the values of quadrupole splitting and isomer shift 
at 4.2K for the two types of Fe3+ ions in high concentration samples 
are very similar to what had been obtained from the dilute Fe^ samples.
The decrease of about 0.10 mm/sec. in isomer shift values for a temperature 
increase from 4.2 to 295K is due to the second order Doppler effect.
The slight increase in the linewidth at 4.2K may be due to vibrations 
in the cryostat or absorber thickness effects.
Considering the relative contributions to the quadrupole 
absorption from the A- and B-type Fe^ ions at 4.2 and 295K, it appears 
that the relative contribution from the A-type Fe^ ions has increased 
by about 24% at 4.2K. However, as the quadrupole peaks from the two 
sites are not resolved separately and the Lorentzian nature of the line 
shapes may change due to the distribution of Fe^ ions, the variations 
in the relative area estimates may be of the order of ±5 to ±10%. Even 
after making allowance for these errors, it does appear that the relative 
absorption area from the A-type Fe^+ ions has increased at 4.2K. This 
indicates that the ratio of recoil less fractions (f) of y-ray
absorption of the Fe3+ ions in site A and site B (^a/^b) has increased 
at 4.2K than the ratio at 295K. This suggests that the A-type Fe^ ions 
have smaller Debye temperature than B-type ions, because the recoilless 
fraction increases relatively more rapidly for the smaller Debye- 
temperature . Thus the Fe3+ ions in B-site are more tightly bound, 
and hence tetrahedrally coordinated, than the Fe^
ions in A-site which can be identified as the octahedral site. This
further confirms the site assignment for Fe3+ ions.
Comparing the two spinels M g A l ^  and LiAl50g,a very similar relaxatior
behaviour is seen in so far as the substitutional tetrahedral Fe^ ions are 
concerned. It is expected that other members of the spine 1-series will have 
similar properties.
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3.3 Lithium Scandium Oxide (LiScO^V-Fe^
3.3.1 Introduction
The Mössbauer magnetic hyperfine spectra of paramagnetic Fe^
ions in synthetic LiScO^ at 295K and 80K have been observed by Birchall 
1581and Reidu ’ . These Mössbauer spectra were poorly resolved and no 
estimate of the crystal field parameters was made. However, in the EPR 
spectra of Fe^+ ions substituted for Sc^+ in LiSc09 t h e y ^ ^  observed a 
very strong signal at (an effective) g' = 4.3 and considered it to be a 
consequence of a large rhombic distortion with |X| = e/D = V 3 .
It has been shown by Wickman et_ a l ^ 6*1'* and others that
by considering only the axial (D) and rhombic (E) terms in the crystal 
field spin Hamiltonian the middle Kramers doublet ^+3/2 S^ven
\1^ +3/9 = a I ±3/2 > + b | + V 2 > + c | + ^ / 2 >  ,
and this doublet has
g?c = g>7 = gz = 4-3 when X = V 3 , which corresponds to a = 0.8964,
b = 0.4226 and c = 0.1336. This accounts for an ’isotropic’ line at
g’ = 4.3 in the EPR spectra of Fe^+ ions in ferrichrome ,
transferrin  ^ and several other biological molecules ^ ^ )  . phis
description, however, is valid only for large crystal field splittings
so that any mixing between spin states produced by the Zeeman interaction
(i.e. ge6eH.S) term is insignificant (i.e. D and E >> g ß H ) ^ ^ .
A recent examination of the complete crystal field spin
(9)Hamiltonian (H^ ,p) by Spartalian et al has shown that for
I [ s s s ^ s y i  S(S+1)(3S2+3S-1)1 + sz i s'stl>]
- ^ S 4 + S4-14S4-95S4- ^  48 + z z 8
+ E(S:
+ wsz-i
S2)
y (3-1)
+ (3-2)
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where it is assumed that the quadratic and quartic terms have a common 
principal axis system and the constant terms involving S (=5/2) have been 
explicitly calculated, the middle doublet 2 ^as
g' g ' gl
30
7 (=4.3)
when the condition 4a = 3D(1-3A) is satisfied. This isotropic g' 
value of 4.3 of the middle doublet ^+3/2 f°r ^ = ^3, when only the D and 
E terms are considered, is just a special case of the above condition.
This indicates the importance of the cubic term (i.e. a term) when 
analysing the line near g’ = 4.3 in the EPR spectra of Fe^ ions. Once 
again, this description is valid only for large crystal field splittings 
(i.e. D and E »  g ß H) .
The unit cell of LiScO? is t e t r a g o n a l ^ ^ w i t h  a^ = 4.182 % 
and c = 9.318 &. The Sc^+ atom is co-ordinated to six oxygen atoms and 
the existence of a cubic crystal field on the substitutional Fe^+ ions 
may be expected. The Sc^+ atom is situated at the intersection of three 
non-equivalent twofold axes (i.e. oxygen-scandium-oxygen axes) and its
r 5 81site symmetry is rhombic^ . Therefore, the form of the crystal field 
Hamiltonian given in expression (3-2) may be used for Fe^+ ions (substituting 
Sc^+ ions) in LiScO^. The approximate values of parameters A and p(=a/D) 
can be obtained from the wel1-resolved Mössbauer hyperfine spectra of 
paramagnetic Fe^+ ions in LiScO^, which can therefore provide a check on 
the interpretation of the EPR results.
3.3.2 Results and Discussion
Lithium scandium oxide (LiScO^) was prepared by the powder 
reaction of 99% pure lithium carbonate and 99.9% pure scandium oxide 
at 1000°C and then it was doped with 0.10 at.% of ^Fe^+ ions (Fe/Sc = 
0.001) at 1100°C as described in Chapter 2.
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The Mössbauer spectra of this sample were recorded at 295K,
77K and 4.2K in zero applied magnetic field and at 4.2K in a field of
185 Oe applied perpendicular to the y-beam (Figure 3.12). The spectrum
(58)at 77K is very similar to that of Birchall and Reid^ . Cooling the 
sample slows down the spin-lattice relaxation rate and sharp paramagnetic 
hyperfine spectra are observed at 4.2K. The applied magnetic field 
leads to appreciable changes in the intensity of some peaks. It may 
suggest a very small value of X (~ axial symmetry) for which the hyperfine 
spectrum from the doublet ± V 2 is strongly field-dependent^ . The doublet 
centred at 0.30 mm/sec with a splitting of about 0.50 mm/sec in all the 
spectra is assigned to some pairs or clusters of Fe^+ ions having enhanced 
spin-spin relaxation rates. Attempts to remove this doublet by successive 
heat treatments of the sample were not successful, but this does not 
affect significantly the analysis of the main spectrum.
The magnetic hyperfine spectra were calculated using the Hamiltonian 
given in expression (1-23) except that the form of the crystal field 
Hamiltonian for Fe'^ + ions was taken as given in expression (3-2). The 
calculated average spectrum was in best agreement with the observed spectrum 
for the parameters listed in Table 3.4, and the solid curve in Figure 3.12 
represents the calculated spectrum superimposed on the data for this set 
of parameters.
Table 3.4. Experimentally determined parameters for Fe^+ in LiScO^ at 4.2K
Isomer shift (w.r.t. iron) = 0.30 mm/sec
Quadrupole splitting = -0.42 mm/sec
*D - -0.16 cm ^
x (= |e/d |) - 0.04 ± 0.01
V (= a/D) 0 to -0.10 (i.e. |y| <  0.10)
Ground state hyperfine
coupling constant = -2.48 mm/sec
Associated hyperfine field = 215 kOe/spin
* Determined from the EPR spectrum of the sample.
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The agreement between the calculated and observed Mössbauer 
hyperfine spectra remains almost the same for 0 ^  |p| ^0.10, i.e. the 
hyperfine spectra are not sensitive to small values of the parameter a.
For high values of a (i.e. |p| ^  0.20) the agreement between the calculated
and observed spectra becomes worse. However, the hyperfine spectra are 
very sensitive to the value of A and so its value has been determined 
with more precision. A small value of A (-0.04) indicates that the site 
symmetry of the Fe'^  ion in LiScO^ is only partially rhombic which is in 
contrast with the previously reported high value of A (-V3) . As the 
parameter a appears to be very small, the form of the crystal field 
Kramers doublets is effectively determined by the parameters D and A only.
The X-band (9.52 GHz) EPR spectrum (Figure 3.13) of this powder 
sample (LiScO?:Fe^+) (obtained by Dr. R.B. Bramley of the Research School 
of Chemistry, A.N.U.) showed a very strong line at H - 1.40 kOe (i.e. 
g* - 4.75). A further sharp line at H - 500 Oe (i.e. g’ > 10) indicated 
a zero field splitting between a pair of Kramers doublets with the energy 
separation of about 0.32 cm From the Mössbauer hyperfine spectra 
the value of D was found to be in the range -0.16 cm 1 to -0.35 cm 1.
Hence,from the EPR spectrum, D was obtained as -0.16 cm 1 with the low 
field line resulting from ±^/2 to ± V 2 transition which has a splitting 
of about 12D| (i.e. 12D| - 9.52 GHz - 0.32 cm'1)(76b).
Dowsing and Gibson^7bb  ^ have plotted the positions of the 
expected X-band EPR lines as a function of D, A and H, and comparison 
with the observed EPR spectrum could provide an estimate of the parameter 
A. The value of |d | = 0.16 cm 1 has already been obtained for Fe^+ ion 
in LiScO^ from a strong line at H - 500 Oe and the relevant comparison 
will be limited to this case. Dowsing and Gibson' s ^ 7bb  ^ p^ots indicate 
that when |d | - 0.16 cm 1 two strong EPR lines at H^ - 1.30 kOe and 
Hx -1.5 kOe respectively are obtained for A = 0.033, where H and Hx
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are the magnetic fields along y and x symmetry axes respectively. This 
could account for the observed very strong EPR line at H - 1.45 kOe which 
may be the superposition of the above-mentioned two individual strong 
lines, as in a polycrystalline sample EPR lines can be observed when 
H is parallel to any of the principal x, y and z a x e s ^ »^ 6c). similarly 
this combination of |d | = 0.16 cm 1 and X = 0.033 also predicts the 
observed strong EPR line(s) around H - 3.50 kOe. The two other observed 
EPR lines around H - 5.60 kOe and H - 6.00 kOe are very broad which may 
be made of several lines, as EPR lines in this region are also predicted 
for this combination of D and X. The observed EPR spectrum contains 
several other broad bumps which are usually observed for powder samples 
and are difficult to analyse, but it appears that the main features of 
the EPR spectrum are consistent with |d | = 0.16 cm 1 and X - 0.033.
It may be noted that a strong X-band EPR line at H - 1.50 kOe 
(i.e. the so-called isotropic line at g' - 4.3) could be associated with 
X = V 3 only when D ^0.23 cm 1 (76b) ^  e t}ie cryStai field splitting 
is large compared to the Zeeman splitting). The present EPR spectrum of 
LiSc0->:Fe^+ does give a strong line at H - 1.40 kOe (g* - 4.75) which 
has probably been interpreted by Birchall and Reid^^ in terms of X - ^ 3  
by wrongly assuming that the crystal field splitting is large (as is often 
the case with biological molecules). (Birchall and Reid have not reported 
an estimate of the parameter D and possibly their EPR spectrum was taken 
in a different band.) Thus it appears that for Fe^+ ions in LiScO^,
X - 0.033 and D - -0.16 cm"1.
The value of | X | obtained from the Mössbauer hyperfine spectra 
thus agrees well with the value expected from the main lines of the EPR 
spectrum. Furthermore, the small value of |d | (-0.16 cm 1) for Fe^ ions 
in LiScO^ is consistent with the general relaxation behaviour of Fe^+ ions 
observed in several other oxide systems (i.e. Alo0^, spinel, mullite, etc.) 
with equally small |d | values. A brief discussion of the spin relaxation
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behaviour of paramagnetic Fe' ions will be represented in the next 
section.
3.4. Spin-lattice Relaxation Behaviour of Fe^+
The hyperfine spectra from paramagnetic Fe^+ have been studied
in various diamagnetic lattices over a wide range of temperatures, and
these results throw some light on the spin-lattice relaxation process
of Fe3+. The tetrahedral Fe3+ in LiAl 0 (D = -0.101 cm *)^ , MgAl^O.b o  2 4
1 1  7
(D = -0.08 cm ) and mullite (D = 0.20 cm ), and octahedral Fe + in
A1203 (D = 0.176 cm‘ V2), LiSc0o (D = -0.16 cm'1) (Figure 3.12) and
-1 (3)alum (D - 0.024 cm ) all show almost no temperature dependence of
relaxation time between 4.2K and 77K. This indicates a spin-lattice
-7relaxation time of >10 sec. in this temperature range. Thus both the 
tetrahedral and octahedral Fe^ show similar relaxation behaviour for 
values of |d | less than 0.20 cm 1. At 295K the spectra in all these 
different systems, except alum, show well resolved paramagnetic hyperfine 
structure. However, the line broadening between spectra taken at 77K 
and 295K is almost negligible in the spectra of LiAlc0o, small in theb o
case of MgA^O^, larger with A^O^ and mullite, and very marked with
LiScO^. Details of the temperature-dependence of spin-lattice relaxation
time require the change in the linewidth to be measured over a temperature
range. This has been done in the case of Fe^+ in A ^ O ^ 2^  where the
-2spin-lattice relaxation time, x^, was found to be proportional to T 
for temperatures above 90K. The relaxation time proportional to T 1'^  
is estimated for Fe^ in mullite and LiScO^ by comparing the 295K spectra 
with the calculated spectra with varying relaxation times ^ ,1^ ,  which 
indicates a similarity of relaxation rates in these three systems.
The relaxation behaviour of the octahedral Fe^+ in mullite 
(D = 1.18 cm ^  could not be determined as no separate peak from these 
ions is identifiable in 77 or 295K spectra. However, the lack of any
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strong central peak at 295K does indicate that the relaxation rate is
not fast. The mullite spectrum at 295K does appear to sit on a broad
featureless absorption which is probably due to octahedral Fe^+ with
a wide range of intermediate relaxation rates. This behaviour is very
3+ -1similar to that observed for octahedral Fe (D = 0.50 cm ) in MgAl^O^ 
which also has a larger D-value. The octahedral Fe^+ in MgAl^O^ gives a 
sharp contribution at 77K, but only a very broad absorption at 295K due 
to enhanced spin-lattice relaxation rates at higher temperatures. However, 
again the relaxation rate is not fast enough to produce a sharp central
peak. The hyperfine spectra of Fe‘^+ in Ti07 (D = 0.68 cm ^  also
remains observable, though broadened, from 4.2 to 295K. These observations 
indicate that for Fe^+ having D values between 0.50 and 1.18 cm  ^the 
temperature dependence of spin-lattice relaxation time may not be 
different from those with |d | ^  0.20 cm
These results may be compared with the expressions obtained 
by Svetozerov^^ in studying the relative importance of single-phonon 
and two-phonon spin-lattice relaxation processes between Kramers doublets 
of an S-state Fe^+ ion. In terms of the crystal field splitting A(-6D) ,
Debye temperature 0„ and velocity of sound, c, in the lattice, the 
single-phonon relaxation time, , is given by^ '^
tgL ~ mc20D3A'5 , T «  A or ~mc20D3A_4T_1 , T »  A ,
and the direct two-phonon relaxation time, , as
TSL ~ lo’5O c 2)20D6A'2T"7 , T «  0D or ~ 10~ 3 (me2) 20dA‘ 2T" 2, T »  0ß , 
where m is the mass of the Fe^+ ion.
These expressions show that for small crystal field splittings the
single-phonon processes dominate, but with increase in temperature
the direct two-phonon processes become more important at a certain
temperature. It may be noted that the probability of the virtual two-phonon 
(or Raman) relaxation process, which could also give t„ aT-'7, is small compared
J  Lj
with the direct two-phonon process for small crystal field splittings(75).
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Though these expressions are valid in limiting cases only, 
the observed temperature dependence of the spin-lattice relaxation time 
for Fe^ + in the above-mentioned systems follows roughly the pattern 
predicted by high temperature (T>>A) single-phonon process, or the 
direct two-phonon process for T>>0^. However, it is very unlikely that 
the temperature range of 77 to 295K is much greater than the Debye 
temperature of Fe^+ in these systems. Hence the two-phonon process for 
T>>0p may not be applicable, but if the high temperature (T>>A) single­
phonon process is used to account for changes in relaxation times, certain 
discrepancies become apparent. The |d | values of tetrahedral Fe^+ in 
mullite and spinel differ by a factor of 2.5, but the order of difference 
in their relaxation times is not observed as predicted by this process. 
Similarly, the relaxation behaviours of Fe^+ in Al^CL, mullite and 
LiSc0o are somewhat different in the temperature range 77 to 295K, though 
they all have almost the similar small |p|-values. These minor dis­
crepancies may be attributed to somewhat different Debye temperatures 
and velocities of acoustic phonons in these systems, which may give 
somewhat different absolute relaxation times.
Similarly for Fe^+ in complex organic molecules like 
-1 (5 72) (7)ferrichrome A (D = 0.53 cm ) and zerolite , the x ^  appears to
-1 5 -2vary as T to T over about 20 to 150K, though the absolute relaxation 
times are smaller (than for Al^O^, mullite or spinel), so that the line­
broadening due to relaxation effects can be observed at much lower 
temperatures(<10K for ferrichrome A, and <27K for zerolite). This 
relatively smaller absolute relaxation time in organic molecules may 
possibly be due to smaller Debye temperatures, and/or smaller velocity 
of sound. Similar reasons may be responsible for the somewhat different 
relaxation behaviour of Fe'^ + in the complex alum molecule, compared to 
that in spinel and alumina.
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From these observations it is clear that for Fe ions the
-7two-phonon spin-lattice relaxation process represented by Tg ^ T 
remains quite negligible below 300°K. This may be the characteristic 
of an S-state Fe'^ + ion which is weakly coupled to the lattice.
3.5 . Zinc Oxide (ZnO):Fe 3+
3.5.1. Introduction
The spin-lattice relaxation time for an S-state Fe^+ ion is
longer for a smaller crystal field splitting (i.e. small |d | value)^ ,
and consequently the hyperfine spectra of paramagnetic Fe^+ ions in
a l u m ^  , A ^ O  ^  , LiAlj.0 ^  , LiScO?, spinel MgAl ^ 0^ and mullite
with -0.024 ^  D ^  1.20 cm * have been observed over a wide range of
temperature from 4.2K to 295K. EPR studies of Fe^+ in zinc oxide crystals
-1177 784have indicated a very small |d | -value (D = -0.0594 cm ) ^  ’ J and so
zinc oxide may also be expected to be a suitable diamagnetic host lattice 
to observe the magnetic hyperfine spectra of dilute Fe^+ over a wide 
range of temperatures. However, quite surprisingly, Korneev et aly 
could not observe any hyperfine spectrum of Fe^+ ions in ZnO down to 90K, 
and hence further systematic studies at low temperatures are required to 
identify the mechanism of spin relaxation of Fe^+ ions.
3.5.2. Discussion
The Mössbauer spectra of 0.5% Fe^+ :ZnO (Fe/Zn = 0.005) at 
various temperatures are shown in Figure 3.14. The magnetic hyperfine 
spectrum at 4.2K shows six absorption lines. On cooling to 1.5K the 
lines become narrower and the full splitting of the hyperfine spectrum 
increases by about 0.30 mm/sec. As the temperature is increased from 
4.2K, the lines become increasingly broader and finally the magnetic 
spectrum collapses at about 13K.
(i) The line-broadening and this decrease in the full splitting 
of the hyperfine spectrum in going from 1.5K to 4.2K indicates the 
presence of strong spin-spin relaxation between Fe^+ ions, as the spin- 
lattice relaxation is not expected to be important (particularly for the 
S-state Fe^+ ions) at liquid helium and lower temperatures. Similar
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Figure 3.1 1. Müssbauer spectra of 0.S0 at.% Fe'^  in zinc oxide at 
various temperatures.
71.
changes in the magnetic hyperfine spectra of Fe' ions in iron (111)
pyrrolidyldithiocarbamate [ (CH?)^NCS0| _,Fe due to temperature-dependent
spin-spin relaxation rates have been observed by Rickardo, Johnson and
Hill , and at sufficiently low temperatures (<9K) the behaviour of
these spectra appears to be very similar to the spectra of 0.5% Fe^ ions
in ZnO. This strong similarity in the behaviour does indicate the
presence of temperature-dependent spin-spin relaxation between Fe^ ions
in ZnO. However, the spectra of Fe^+ ions in the two systems differ in
an important aspect. The collapsing magnetic spectra of Fe'^  ions in
[ (CH^l^NCSj _,Fe show only a sharp central absorption (between 9K and
12K)^ ^ , whereas the collapsing magnetic spectra of Fe^+ ions in ZnO
show a well split central doublet at about 11.3K. The presence of this
well-split doublet at 11.3K indicates that some partial magnetic ordering
(i.e. magnetic coupling) between Fe^+ ions in ZnO is p r e s e n t ,
because in the case of paramagnetic ions the hyperfine spectrum collapses
(79a)into a strong central peak ~ . This partial magnetic ordering can
arise from an exchange coupling in the spins of the Fe^ ions. Thus the 
temperature-dependent features of the hyperfine spectra of Fe^ ions in 
ZnO may be interpreted by the spin Hamiltonian:
D [ S 2 - i S(S+1)] + A.S.I + z 3 exch ^dipolar
where the first term gives the usual zero field splitting, the second
term represents the magnetic hyperfine interaction and the third and
fourth are the exchange and dipolar interactions (see Chapter 1) respectively.
6 3+The zero field term can split the S state of the Fe ion into three 
Kramers doublets = ±^/2, 2 and / 2 , and the exchange interaction
further splits the Kramers doublets. However, in the present case of 
Fe^+:ZnO the exchange coupling appears to be dominant at low temperatures 
(because there is an evidence of magnetic coupling between Fe'^ + ions 
up to about 11.3K as mentioned earlier) and it is most likely that the
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nature of the splitting will be determined effectively by the exchange 
term. The exchange coupling between the spins of Fe'^  ions can make 
S7 = V 2 as the ground state with = 3/2 and = V 2 as the two upper 
states respectively, or alternatively the S_ = -3/2 as the ground state 
with = -3/2 and S__ = - V 2 as the two upper states respectively depending 
upon the nature (i.e. sign) of the exchange coupling parameter. For the 
sake of convenience and quite arbitrarily the former scheme of splitting 
is assumed in the following discussion (which will be equally true for 
the alternative scheme).
It appears that at 1.5K the spin state ^ 2  is mostly occupied 
so that the spin-spin relaxation is negligible and consequently one obtains 
a six line magnetic hyperfine spectrum with an effective magnetic field
eff gN^ N
< 3 / 2  >  at the Fe^+ nucleus. The full splitting of the
hyperfine spectrum indicates that H ^  - 15 021 kOe at 1.5K and |493|k0e at 
4.2K. One notes that in [ (CH~).NCS_1 _Fe, H ^  - 460 kOe at 1.3K and 
440 ± 5 kOe at 4.2K,and this drop in field over a small temperature range 
has been assigned to fast spin-spin relaxation rate between = ±3/2 and 
= ±3/2 levels at 4.2K. Thus it appears that in 0.5% Fe^+ :ZnO the level 
S =3/ 2  is occupied at 4.2K and the spin-spin relaxation rate between
the levels S_ = 3/2 and = 3/2 is fairly fast.
3+In fast relaxation the effective field at the Fe nucleus 
is proportional to the thermal average of all the spin states (see 
expression 1.22). In the present sample (0.5% Fe‘^+ :ZnO) the effective 
field at 4.2K decreases only by about 2% of its value at 1.5K, and thus 
it appears that the level S = 3 / 2  is only slightly populated. It may
then be reasonable to assume that the population of the level = V 2 
is small enough to be neglected, and in this approximation one obtains
'-A
(79)
,(4.2)
eff
5 3
7 + 7 exP
5
2 1 + exp
IkTJrÄT , ( 0)eff
kT
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where and 11^1 are the fields at 4.2K and OK respectively andeff eff
IAI is the energy separation between the levels 1^ 2 and = *V 2.
Now, assuming that - 1502 j kOe and using ~ 14931 kOe,
one obtains that |A| - 9 cm 1 or 12.8K. It may be noted that the energy
separation between the levels 2 and 2 will be due to the combined 
effect of the zero field splitting and the exchange splitting and it 
may not be possible to determine the value of the parameter D separately 
from the present study. The exchange splitting and consequently A may 
depend on the concentration of Fe^+ ions in ZnO (for small concentrations 
of Fe'"* ions) .
As the temperature further increases, all the spin levels become 
gradually populated and the spin-spin relaxation rate increases very 
rapidly, and consequently the magnetic field at the nucleus averages out 
to be zero, which destroys the magnetic spectrum.
(ii) The presence of dominant spin-spin relaxation for a small
concentration of Fe^+ ions in ZnO is somewhat uncommon. It may suggest
that the Fe^ ions are not distributed uniformly throughout the ZnO lattice,
rather they remain in clusters or bulk so that the spin-spin relaxation
is dominant. This behaviour of Fe^+ ions may not be entirely unexpected 
3+ 2 +as Fe and Zn ions have different charges as well as different ionic 
radii (0.63 8 and 0.74 8 respectively)^/^ , and therefore some charge 
compensator will be needed to accompany the possible diffusion of Fe^+ 
ions in ZnO. This may be particularly true for highly stable oxides 
where the bonding between the metal and oxygen ions is very strong. The 
room temperature EPR spectrum of Fe^+:ZnO with Li added as a charge 
compensator^ indicates that the spin relaxation time is long enough 
even at room temperature. No such charge compensator was added in the 
present sample and this may be responsible for the clustering and 
consequent 1 y strong spin-spin relaxation of Fe(i) *v^+ ions. EPR samples have
74.
mostly been grown with Fe' in the flux, rather than by diffusion. It 
may be that the diffusion process allows movement of Fe^+ ions in clusters 
through the lattice, i.e. a pair of Fe'^ + ions moving into a triple Zn^ 
vacancy, whereas with flux growth the Fe'^ + will always be separated in 
the flux. ERR samples generally have much lower Fe^+ concentrations, also.
3.5.3. Possibility of Super-paramagnetic Fe.,0 Clusters
The observed temperature dependence of the magnetic hyperfine
spectra may also be expected from ultrafine super-paramagnetic
particles ^  which may result if the Fe'^ + ions are unable to enter
into the zinc oxide lattice. In very small particles of magnetically
ordered materials the relaxation of the magnetic moment is caused by
the thermal fluctuations while the material stays in a magnetically
f80-811ordered state, and this effect is known as super-paramagnetism1 .
The phenomenon of super-paramagnetism can be observed in Mössbauer spectra 
when particle sizes are small enough to allow shorter relaxation times 
for the magnetic moment of the particle than the Larmor precession time 
(~10 sec) of the nucleus^^. The fluctuations of the direction of 
the super-paramagnetism (or the magnetic moment of the particle) have a 
characteristic relaxation time i given b y ^ ^ ’^ a^
T = To exP {tf} •
where k is the anisotropy energy per unit volume, V is the volume of the
particle and x a constant of the order of . The relaxation effect0 kV _ 7
on the Mössbauer spectra could be observed when t ^ 10 sec. For a-Fe^O^
the value of k has been estimated by Kündig to be about 4 x 10^ erg/cm^.
If a-Fe90^ particles be assumed to be spherical, then the particles with
a critical diameter d ^  will appear to be magnetically ordered and para-
(81)magnetic below and above the temperature T respectively, where1 J
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-7 V32 x 10 x T
(83)Thus the larger particles will remain magnetic up to higher temperatures
Taking a-Fe7CL superparamagnetic clusters (if any) in the
present ZnO sample as a representative example, and noting that the
temperature at which these particles change from magnetic to paramagnetic
state is about 12K, one obtains d ~ 45 8. If Fe^+ ions are not uniformlycr
diffused into the ZnO lattice, one may expect ct-Fe^O^ particles roughly 
of this size, which may be responsible for the observed temperature 
dependence of the hyperfine spectra.
The Mössbauer spectra of superparamagnetic ot-Fe?0^ particles
as a function of temperature have been reported by Kundig et al(80) and
a qualitative comparison can be made. The magnetic hyperfine spectra of 
3+ZnO:Fe show a continuous increase in the line-broadening and decrease
in the full splitting (i.e. decrease in the effective magnetic field at
Fe'^  nucleus) as the temperature increases. These features resemble well
179a 79b)with the relaxation spectra calculated by Dekker ’ for partially
magnetically ordered Fe ions, whereas for superparamagnetic a-Fe^O^ 
clusters these features are not pronounced until one approaches the 
temperature where the magnetically ordered state changes to the paramagnetic 
state). This may indicate that the presence of oi-Fe^O^ clusters in the 
present ZnO:Fe^+ sample is perhaps less probable.
It may be noted that Korneev et al (76) , who could not observe
the magnetic hyperfine spectrum of 0.7 and 1 mole % ^Fe'^+ in polycrystalline 
ZnO down to 90K, have not indicated how their samples were prepared. It 
is quite possible that they also prepared their samples by the diffusion 
method and so could not observe the magnetic hyperfine spectrum of Fe^+ 
ions in ZnO due to the same reasons as discussed here. It appears that 
one needs the flux grown crystal of Fe^ :ZnO to remove the clustering of 
Fe'^  ions which could allow observation of the slow spin-relaxation 
magnetic spectrum.
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3.5.4. Quadrupole Splitting
The hyperfine spectrum at 1.5K shows almost no quadrupole 
splitting. This indicates that the Fe^+ ions are situated in almost 
cubic substitutional sites or there may be a distribution of small 
quadrupole splittings which results in an asymmetrical broadening of 
the lines. The spectrum at 17K taken on a smaller velocity scale, 
however, shows a broad quadrupole splitting (Figure 3.15) which had 
remained unresolved on the higher velocity scale. The values of the 
quadrupole splitting and the isomer shift at different temperatures are 
given in Table 3.4.
Table 3.4.
Temp (K) I.S. (mm/sec) AEq (mm/sec) Linewidth (mm/sec)
17 0.402 0.492 0.560
77 0.416 0.511 0.459
295 0.317 0.459 0.457
The isomer shift is given with respect to an iron foil absorber at 295K. 
The above values are correct within ±0.005 mm/sec.
In spite of the broad lines, the quadrupole splitting is of 
such an order that it should have been possible to be measured from the 
hyperfine spectrum at 1.5K. It is possible that the lattice distortion 
changes considerably at low temperatures to produce widely different 
quadrupole splittings.
7 7 .
295K
I I i  I I i  i
- 3 - 2 - 1 0 1 2 3  
Velocity (mm/sec)
F i g u r e  3 . 1 ^ .  Mbssbauer  s p e c t r a  from t h e  0 .5 0  a t .%  
t h e  s i n g l e  q u a d r u p o l e  d o u b l e t  o n l y .
3 + in  z in c  o x ide  showing
78 .
CHAPTER 4.
Electronic Spin Relaxation of Paramagnetic Fe"* in Magnesium
Carbonate (MgCO_)----------------------- fyZ—
The electronic spin relaxation properties of any paramagnetic
(14)ion depends on the nature of its ground electronic eigenstates
However, the calculation of the spin relaxation rate also requires the 
knowledge of the various excited eigenstates of the ion, of the vibrational 
states of the lattice and of the dynamical crystal field parameters of 
the ion.
The eigenstates of an Fe^+ ion are obtained by considering 
the effects of the static crystalline electric field and the spin-orbit 
coupling interactions. In the following sections, firstly, the crystal 
structure of the carbonates, with particular reference to Fe^ :MgCO^, 
will be presented in order to determine the form of the crystal field 
potential, and subsequently the eigenstates of the Fe^+ ion will be obtained.
Then a brief account of the theory of spin-lattice relaxation 
and of the vibrational states of MgCO^ will be given, and used in 
calculating the spin-lattice relaxation rate of Fe^ . In Chapter 5 the 
experimental results will be presented and compared with tne theory.
4.1. Crystal Structure of MgCO^
The carbonates constitute a group of compounds (i.e. calcite
(CaCO-), magnesite (MgCO^), siderite (FeCO^), rhodochrosite (MnCO^), etc.)
2 -in which the essential structural unit is the (CO^) ion. These 
carbonates have the same structural symmetry, but different unit cell 
parameters. The structure of these carbonates ( ^ » ^ ^  may be characterised 
by the widely studied rhombohedral structure of calcite which belongs 
to the space group (R3c), as given in Figure 4.1. There are two
7 9 .
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F i g u r e  4 . 1 .  The rhombohedral  u n i t  c e l l  o f  magnesium c a r b o n a t e  (MgCC^). The 
v e r t i c a l  a x i s  shown i s  t h e  t r i g o n a l  a x i s  (C3) o f  t h e  c r y s t a l .  The 
c e n t r a l  Fe^+ ion  has  s i x  n e a r e s t  n e i g h b o u r s ,  t h r e e  in  a p l a n e  above and 
t h r e e  in a p l a n e  below as  shown. The s i x  n e x t  n e a r e s t  n e i g h b o u r s  a r e  
in  t h e  p l a n e  c o n t a i n i n g  th e  Fe^+ i o n .
The s t r u c t u r e  p r e s e n t e d  h e re  i s  a m o d i f i e d  v e r s i o n  o f  t h e  one g i v e n  i n  
t h e  book,  'Rock fo rm in g  m i n e r a l s '  by Deer ,  Howie $ Zussman, Longman 
Group L t d . ,  London, 1972.
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formula units (i.e. two metal ions) per molecular unit cell. Each divalent 
metal ion is coordinated to six carbonate radicals, and is situated at 
the centre of an octahedron having a compressional distortion along the 
crystal [ 111] direction. The metal ions are located at inversion centres 
along the threefold axes (C^ ) which are parallel to the crystallographic 
c-axis. Thus the local site symmetry for the metal ion is (or S^).
The dimensions of the unit cell^^ ^ of MgCO^ are a = 4.633 R, c = 15.016 R,
c/a = 3.241 and a = 48°10.9’. The unit cell of MgCO^ is slightly smaller
than that of calcite. Magnesite (MgCO^) makes
an ideal solid solution with siderite (FeCO^), and magnesite minerals 
with 5 to 50 mol. percent of FeCO^ have been f o u nd^^. On the substitution
of a small amount of Fe^+ for Mg“ + in MgCO^, the local symmetry may be
expected to remain basically unchanged, as the unit cell parameters of 
FeCO., and MgCO^ are very similar. The crystalline electric field on 
each Fe“ ion in MgCO^ will be predominantly of cubic symmetry with a 
smaller trigonal component. It may be noted that there are (non-rhombo- 
hedral) carbonates like BaCO^, PbCO^, aragonite (CaCO^), etc. which are 
orthorhombic
4.2. Interactions of Fe^+
4.2.1. Crystal Field Interaction
An Fe^ ion (3d^,^D?) in a crystal experiences a potential
1 (21) that may be written as
V = S < r11 > Y™(0,40 > (4-1)
n ,m
where Y™(0,<|>) are spherical harmonics, < rn >  is the expectation value
of the n—  power of the distance from the nucleus of the 6— 3d-electron
and the parameter A™ depends upon the position coordinates of the ligands
surrounding the central paramagnetic (Fe^+) ion. In terms of Stevens’
(2 1)equivalent operators this may be expressed as
s i .
£ <  n a  n >  A <  r  >  0 (L)
i i  n  "
n,m n —
2 Bm Om(L) n n —n,m
(4-2)
where B <  n l a l n  >  Ain <  r n >  in  which <  n l a l n  >  i s  a numerica l
c o n s t a n t  ( - ^ / 21 f o r  n=2) and 0m(L) a re  f u n c t i o n s  o f  the  o r b i t a ln —
an g u la r  momentum o p e r a t o r  whose form was given by Orbach (14)
2+ 5For Fe" ( D ) in t r i g o n a l  s u r round ings  th e  dominant o c t a h e d r a l
(or  cubic)  c r y s t a l  f i e l d  i n t e r a c t i o n ,  V^, i s  given by ( 2 1 )
0 0 3 S
b4 °4 ( 0  * B4 0^ (L)
o ” (L) - 20/2 04 (L) (4-3)
because  f o r  cub ic  symmetry B0 = -20 / T  B0 when th e  a x i s  o f  symmetry
i s  chosen along th e < l l  1 >  di r e c t  ion o f  the  cube.  For o c t a h e d r a l  symmetry,
t h i s  f i e l d  s p l i t s  th e  ground te rm o f  the  f r e e  Fe^+ ion i n t o  a lower
o r b i t a l  t r i p l e t  (^T9^) and an upper  doub le t  (^E^) s in c e  B^  i s  n e g a t iv e .
The energy s e p a r a t i o n  between the  ^T~ and ^E o r b i t a l s  i s  equal  to
8 8
180|B^| , which i s  o f  the  o rd e r  o f  10,000 cm  ^ f o r  FeCO (85) and a s i m i l a r
2 +s p l i t t i n g  may be expec ted  f o r  Fe in MgCO^, as th e  two ca rb o n a te
s t r u c t u r e s  a re  almost  i d e n t i c a l .  The an g u la r  p a r t s  o f  th e  ground T
o r b i t a l  wavefunc t ions  may be w r i t t e n  as ( 21 )
2g
Y, (0,4))
7 1  Y"2 (9,<t>) * (6,40
’-1 =  M -71 y_1 (9,<t>) (4-4)
where Y (0,40 wi th  m=0, ±1, ±2 are  the  s p h e r i c a l  harmonics o f  o r d e r  2
Since  the  s t a t e s  t h a t  concern us a re  d s t a t e s  with  l = 2, th e s e  T
2g
w avefunct ions  are  u s u a l l y  r e p r e s e n t e d  in terms o f  the  o r b i t a l  a ngu la r
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momentum ket notations m^ >  as
-©- c i
i 0 >
5t 2g h = -
*.i = üi2>-yii-i>
Similarly the upper 'E wavefunctions are
5e
-©- o 
- il -
g lir o 
-©-
(4-5)
(4-6)
These wavefunctions become the orbital basis states for 
dealing with further perturbing interactions which are small in comparison 
with the cubic crystalline field interaction. The perturbing Hamiltonian 
to be considered here is given by
H = V . + X L.S .trig --- (4-7)
Here represents the trigonal crystal field and is given by (86)
trig A° <r2>  Y°(0,<J>) 0° (L) (4-8)
neglecting the deviation from cubic symmetry of the fourth order term (i.e. the 
term proportional to 0^ or 0^), since this deviation is usually snail ^
The X _ L . t e r m  represents the spin-orbit coupling interaction between 
the total spin and the orbital angular momentum. Now as the energy 
separation between ^T and V^E states is very high, any mixing between 
them by a small trigonal field component is expected to be small. For
example, the trigonal field mixes the higher state ({) with the lower 
state $_j,and for - -166 cm * (see the following paragraphs)
(({)_1)t = 0.997 <J) l + 0.066 ^
((J)p)C = -0.066 4>_1 + 0.997 4>”
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c 11 cwhere (<J) ) and (<j) ) are the corrected wavefunctions after taking the
mixing into account. Similar mixing occurs between lower and upper (J)^.
Thus any mixing between the and '^ E^  wavefunct ions is only of the
order of 7 percent which may be regarded as reasonably small. Therefore,
5 5for further calculations any mixture between the T„ and E states will2g g
be neglected, i.e. the ^ T ^  states will be considered only.
When the net spin of Fe2 + is taken into account, the
wavefunctions are 15-fold degenerate. These 15 spin-orbitals can be
represented by |(fu,m >  , where i = 0,±1 and m = 0,±1,±2 are the five
spin states of S = 2. Then within these 15 basis-states the eigenvalues
and eigenfunctions of the perturbing Hamiltonian H* will be calculated.
The trigonal crystal field splits the ^ T ^  orbitals into a
singlet cf) and a doublet (f)+1 , the energy separation being equal to 9 1 B*? | .0 — i z
The sign of the parameter determines whether the singlet (j) or the
doublet (f> + ^ is lower in energy. The energy separation between c() and
he c 
(85)
<j)+j is of t order of 1,500 cm * for Fe"+ in a trigonal environment, such
as in FeCO. For Fe2 + in MgCO^ the same order of trigonal crystal
field splitting may be expected. The Mbssbauer quadrupole splittings (10,10a)
and the magnetic properties indicate that the doublet (J) + ^ is the
ground state (i.e. is negative) in FeCO^, and similar behaviour may 
be expected in other carbonates as well.
4.2.2. Spin-Orbit Coupling
The spin-orbit coupling may be written as
X L.S = a2X„ [ L S  + (S L + L S ) ] . (4-9)---  0 z z 2  + - + -  v
2 -1The coupling constant X = a Xq , where X^ = -103 cm for the free ion
2and the factor a accounts for the decrease in its magnitude due to 
covalency effects. S+ are the raising and lowering operators for the 
spin and L+ nre those for the orbital angular momentum.
The value of a2 lies between 0.60 and 0.90 for Fe2+ in
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various ferrous compounds . Okiji and Kanamori^^ have
estimated the value of a to be equal to 0.90 for FeCO^. A
value of X = -105 cm  ^ for X has been used in the analysis of far-infrared
spectra of FeCO,^'^, and a value of -100 cm  ^ to explain the paramagnetic 
resonance lines of Fe^+ in CaCO^^^ . A representative value of X has 
been taken to be -100 cm * for Fe^+ in MgCO^ in the present calculations.
It will be seen that any inaccuracy introduced by this procedure will 
have little effect on the final conclusions.
4.3. Eigenstates of Fe^+
The Hamiltonian H* (in expression 4-7) operating upon 15 basis
states |<|> ,m >  gives a 15x15 matrix. The diagonalisation of this matrix
gives the required 15 eigenfunctions and eigenvalues of the Fe^+ ion.
The trigonal field splitting in FeCO.
between (J)^ and <J)+  ^ requires that = -166 cm *
The same value has been used for Fe^+ in MgCO^.Using the values B^ = -166 cm *
-1
(85) o£ about 1,500 -1cm
„. 1 01 -1(i.e. 19B^| = 1,500 cm
and X = -100 cm * results in the 15 eigenfunctions and eigenvalues given
func 
(85)
in Table 4.1. The wave tions of Fe^+ in FeCO., have also been recently
reported by Prinz et al
The spin-orbit coupling leaves the ground doublet and \
degenerate in energy. These states have extremely anisotropic magnetic
properties (g|| - 10, g^  = 0) with <  >  = ±1, <  >  = ±2. It is
between these two states that the Fe^+ ion relaxes at low temperatures.
(18,38)The intra-ionic spin-spin interaction is being ignored because
2 +it is expected to be very small for dilute Fe" systems, and hence no 
further splitting of the ionic states will occur. The energy level diagram 
of Fe^ is given in Figure 4.2.
The mechanism of spin-spin relaxation has already been discussed 
in Chapter 1. Now a brief discussion of the different types of spin- 
lattice relaxation processes will be presented here.
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Free  Fe 
ion
Cubic f i e l d  
s p l i t t i n g
T r i g o n a l  f i e l d  S p i n - o r b i t  
s p l i t t i n g  c o u p l i n g
F i g u r e  4 . 2 .  Energy l e v e l  d i ag r a m o f  a h i g h  s p i n  Fe" D) i on in  a 
t r i g o n a l l y  d i s t o r t e d  s i t e .  The e ne r gy  l e v e l s  shown a r e  no t  
t o  s c a l e .  The d e g e n e r a t e  e n e r g y  l e v e l s  have been shown as  b e i n g  
v e r y  c l o s e .
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Table 4.1. Eigenstates of Fe
2 + in MgCO .
Eigenfunctions Eigenvalues (cm )
h s = 0.105 |<|> ,-l >  + 0.989 | 4>0,0 >  + 0.105|<j> ,1 > 1748.8
*14 = 0.112 1 4>1,0 >  + 0.990 | <hQ, 1 >  + 0.0811(^,2 > 1743.3
*13 = 0.0811^,-2 >  + 0.9901 <(>0, -1 >  + 0. 112|<j> ,0 > 1743.3
*12 = 0.100|<J> ,1 > + 0.995 | 4>0,2 > 1726.2
*11 = 0.995 | 4>0 , -2 > + 0. 1001 4) J,-1 > 1726.2
*10 = lq.2 > 412.7
*9 = U.J.-2 > 412.7
00 = 0.995 | 4)1,1 >  - 0.1001 4>0,2 > 298.6
*7 = -0.100|<J> ,-2 >  + 0.995 I 4>_ ,-1 > 298.6
*6 = 0.9911 411,0 >  - 0.105 I <t) , + 1 >  - 0.082 | 4> ^ 2  > 194.3
*5 = -0.082 |4>1,-2 >  - 0.105 | (J) , -1 >  + 0.9911 <J> ,0 > 194.3
*4 = -0.7071 <J> ,-1 >  + 0.707 | 4>_ 1,1 > 112.7
*3 = 0.699 | 4>1, -1 >  - 0. 148 | 4>q,0 > + 0.699 | 4>_ 1,1 > 76.0
*2 = 0.993 | 4> v 2 > - 0.089|4)0,1 >  + 0.0731(^,0 > 0.0
*1 0.9931 4>1,-2 >  - 0.089 | 4>0, -1 >  + 0.0731 ,0 > 0.0
4.4. Spin-Lattice Relaxation
The process of energy exchange between a paramagnetic ion
and the vibrational modes of the lattice is known as spin-lattice
r e l a x a t i o n . The ligands surrounding the paramagnetic ion change
their equilibrium configuration due to thermal vibrations and produce
a dynamic crystalline electric field, which in effect changes the
orbital state of the paramagnetic ion. The spin of the paramagnetic
ion is coupled to vibrational modes of the lattice via spin-orbit 
(14 90)coupling *' as there is no direct interaction between the electric
S7.
field and the spin.
4.4.1. Orbit Lattice Interaction
If E, represents the position coordinate of a surrounding
ligand at any time, the crystal field parameter A^ (£) can be expanded
as a Taylor's series about the equilibrium coordinate as (91,92)
A™(£) W  +
r9Am'1n df +
n.29 An
9 £ 2  J (d£)
V V  + enm^0l ^ J 1 2 r2 + —€ E 2 nnTO
~2 .np d An
9£‘
(4-10)
where E, = E g + d£ , and (= -^-) is the thermal lattice strain,
For the simple point charge model(91) Q f the crystal field
A™ a nTf » so The approximation
r \  \ H IBA
r n
^ 9C E = E .
.m, r . , where p = n+1 , r n
(91)can be made. This approximation was suggested by Huang (1965)
Extending the same argument one may further assume that
.2 .m 9 9 A
f2_ n.
^ 2
9£
W ”  W  •
so that the orbit lattice interaction takes the form
V
0. L.
v* r>m ~.m v' 1 . 2 _m „ml p £  B O  + S r p p + e B O  rn nm n n 1 n ’n , m n ,m
(4-11)
This is obtained by putting the dynamic value of A^(£) from expression 
(4-10) into the crystal field expression (4-1) and noting that the first 
term A™(£ ) in expression (4-10) represents simply the static crystalline 
field. The components of the strain tensor e ^ may change with the
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(14)directions in the crystal, but here only the average strain will 
be taken into consideration. The strain part of the orbit lattice 
interaction operates only on the states of the lattice, whereas the 
crystal field part operates on the orbital states of the ionic wave- 
function .
This description of the orbit - lattice interaction is the 
(14)same as given by Orbach , except that in Orbach's approach p^ = 1 in 
the first term of the expression (4-11) and the second term was not 
considered. Apart from this difference the calculation of the spin- 
lattice relaxation rate henceforth is based on Orbach's model.
Here it is worth-while to mention that Stedman and Newman
(93)(1969) have further discussed Huang's and Orbach's approximations 
while calculating the spin-lattice relaxation of Er^+:LaCl^. They have 
concluded that the Huang model gives an overprediction of relaxation 
rates by a factor of 9^, where q = 1 for the direct processes and q = 2 
for the Raman processes (the various processes of the relaxation are 
given in the next sections). A comment on the applicability of these 
approximations for Fe“ :MgCO will be made later on the basis of 
experimental results.
(14)4.4.2. One-Phonon (or Direct) Relaxation Process
In a one-phonon relaxation process the direct transitions 
induced by the orbit lattice interaction take place between states 
|b'>and | a' >  (taken arbitrarily) with the emission or absorption of 
a single phonon of energy 6 ^  only, where 6 ^  i-s the energy difference 
between states |a'> and | b '> . The states | b'>  and | a'>  represent 
the states of the total system, i.e. the ionic and the vibronic states 
taken together. Let |b'>be higher in energy than | a’ >  .
The transition probability P ^ ^  per unit time for the ion to 
go from |W >  to | si >  is given by
8 9 .
Pt)+ä <  a I VQ 11> >  | 2p(E) 6 (E-Raj)dE , (4-12)
where p(E)dE i s  the  d e n s i t y  o f  f i n a l  phonon s t a t e s  between energy E 
and dE, and th e  d e l t a  f u n c t i o n  6(E-Fua) i s  u n i t y  f o r  E = fioo and zero 
f o r  E ^  hu>.
The o r b i t - l a t t i c e  i n t e r a c t i o n ,  , c o n t a in s  the  l a t t i c e
s t r a i n  te rm ,  e , which may be exp re s sed  in the  phonon o p e r a t o r  form. In 
t h e  long phonon wavelength  approx im at ion  i t  i s  assumed t h a t  a l l  the  
atoms o f  th e  u n i t  c e l l  have the  same d isp lacem en t  and then  the  l a t t i c e  
s t r a i n  o p e r a t o r ,  e^ ,  i s  g iven by
e k (4-13)
'fcwhere a^ and a^ a re  the  phonon c r e a t i o n  and a n n i h i l a t i o n  o p e r a t o r s  
r e s p e c t i v e l y .  M i s  the  mass o f  th e  l a t t i c e ,  and w and k a re  th e  
f requency  and the  wave v e c t o r  o f  th e  phonons. The v e l o c i t y ,  v ,  o f  
phonons in th e  l a t t i c e  i s  g iven  by v = ü'k /k .
The r e l e v a n t  p r o p e r t i e s  o f  th e  phonon o p e r a t o r s  a r e ^ ^
<  N + 1 1 a*IN >  = (N + 1) 2 , and
<  N - 1 1 a I N >  = N2
where N i s  th e  phonon o c cu p a t io n  number o f  th e  v i b r o n i c  s t a t e  | n >  
o f  t h e  l a t t i c e .
Thus o p e r a t i n g  f i r s t  on th e  s t r a i n  p a r t
f 2tt')
, 1  ?b + a
where
and
i v Dm m I u v |2 .2a 2 p BO b >  k 1 r n n n 1 1 nm
r r }
2 Moon,m  ^ nnv
|b >  are  now only the io n i c
(N +1) p(hu) ) j v nm v nm (4-14)
N r e p r e s e n t s  the  o c c u p a t io n  number o f  phonons o f  energy
6 , = The above case  co r responds  to  th e  em iss ion  o f  a phonon by
th e  ion .  S i m i l a r l y ,
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a-*-b
2  TT
R
b |S p BmOm |a > 2 2 k f H 1 Nr n n n 1n ,m nm 2M(onnr
relaxation rate, 1
T i ’
is given
1
= ‘ b V  + ^aVb' •
nm ' nm
(39)
(4-15)
(4-16)
For the Debye continuum model of the lattice vibrations,
2. 4ttV 3u)p(Rto) = --- ■ x —
(2 tt) v h
where V is the volume of the crystal. It is to be emphasised that the Debye 
model has been assumed from here on.
The phonon occupation number is given by the Bose-Einstein
(14)distribution function
Nnm
1
Finally, one obtains from expression (4-16)
3(6 , ) kT ab
5. 4 TTPV h
< b |  s p BmOm |a >  r n n nn, m
(4-18)
The one-phonon relaxation process is usually observed when 6 ^ <<c kT 
and its rate is proportional to the temperature. It is this temperature 
dependence aspect which is more important in recognising the relaxation 
process. In the above expression p = m/v = density of the crystal.
In a one-phonon process only the low energy phonons of energy 
equal to 6 ^,or in Van Vleck's language the phonons on 'speaking terms 
with the spin', can take part in producing spin-lattice relaxation, and 
hence only a small portion of the phonon spectrum is utilised.
(14)4.4.3. Two-Phonon (or Indirect) Relaxation Process
In a two-phonon relaxation process the transitions between 
states |b'>and |a’> t a k e  place via an upper state | c'>  whose energy Ac
91 .
is considerably higher (i.e. >> 6^). This requires the creation of
one phonon and the destruction of another phonon simultaneously. The 
energy difference of the phonons is equal to the splitting between the 
states of the ground doublet.
This scheme has been shown
in Figure 4.3, where a phonon
of energy Ruj . , is annihilated
(i.e. absorbed)tthe intermediate
transition from | b' > to |c >
and another phonon of energy
ha) is created (i.e. emitted) nm
during transition from |c >  to
lb' > and vice versa, so that Roo - Ru) . . 1 nm n'm1
A >
\
n ' m  y \ oonm
I
I
V
Figure 4.3,
|b’>  
I a' >
ab ’ Thus the orbit lattice
interaction acts twice to induce a transition effectively between 
states I a >  and |b'>  . The transition between |a’>and |b’>are real, 
whereas transitions to and from |c’>may be real or virtual.
The transition probability per unit time from |b >  to |a >  
according to the standard perturbation theory becomes
b'-*a
2tt
h
< a'| 2 e p Bm0m | c > < c’| 2 e 1 nnr n n n 1 1 . . nn,m n’m'
Dm ' m ' I,, p B O  b >m' rn' n ' n 1
Ro) - A - ^nm ( c 2
or,
Pb'->a
P(Rco )6 (Ro) -Ru) , -6 )d (Rw )d(Roo , ,)nm nm n’m' ab nm n ’m'
o 3 2 10 8tt p v
f WC 2 , ( 6  , >30)nm
ab
. d a b  fUo -A — x—  nm c 2
nm h  J N , , (N +l)doo n'm* nm nm
(4
(4
where W /  ] ^  n I v /  I v' nrn '< a  S p B 0 c >  <  c 1 p , B ,0 ,n m n n n , , n n ’ nn,m n’m'
b > (4
-19)
-20)
- 21)
and using the fact that
9 2 .
6 [ Roo - Roo - 6 , ]nm nm' ab = 1,
f o r Roo , , n'm' = Roonm 6 ab
= o , f o r hoo , , n'm' =£ Roonm - 5ab
S i m i l a r l y ,
Pa V
9 f Wc 2 .. 3 f . . 6 ab'
o 3 2 10 6 u
UJ I UJnm nm R
8 tt p v -  . abRoo -A - —nm c 2
N (N . ,+l)doo  nm n'm' nm ( 4 - 2 2 )
Now
Y ~  = + ^a^b' ’ an<^  Pu t t ing t h e  v a l u e s  o f  N ^  and N^,^,
3 2  10 16tt p v
cosh
r6 ,ab r w c 2 3 f  6 ab'
2kT
Roo -A - nm c
6 u ab
w I w r-nm( nm R
2
rRoo
c o s e c h nm2kT
/■Roo -6
c o s e c h nm ab( 2kT nm ( 4 - 2 3 )
T his  i s  t h e  most g e n e r a l  e x p r e s s i o n  f o r  t h e  r e l a x a t i o n  r a t e  as  d e r i v e d  
(14 )by Orbach . When 6 ^ << kT, which  i s  th e  c a s e  o f  i n t e r e s t  h e r e ,  t h e  above  
e x p r e s s i o n  becomes
f W 2 Roo
9 c c o s e c h nm
2 2 10 hoo -A 2kT16tt p V nm c
6 ,
0) doonm nm
( 4 - 2 4 )
The major c o n t r i b u t i o n  t o  t h i s  i n t e g r a l  w i l l  o c c u r  a t
Roo ~ kT or  a t  Roo ~ A . Now t h e  maximum phonon f r e q u e n c y  i n  t h e  
nm nm c k0
l a t t i c e ,  and hence t h e  upper l i m i t  o f  t h e  i n t e g r a l  i s  oomax h o n ly
and not  i n f i n i t y ,  where 0^ i s  t h e  Debye t e m p e r a t u r e  o f  t h e  l a t t i c e .  T h i s  
g i v e s  r i s e  t o  two d i s t i n c t  c a s e s  d ep en d in g  on w h eth er  kO^ < Ac or  k0^ >
(14)4 . 4 . 4 .  Raman R e l a x a t i o n  P r o c e s s
When k0^ < A t h e  phonon en e r g y  Roo can n e v e r  r e a c h  A and D c r nm c
t h e  f u n c t i o n  w i l l  be peaked  about  Roonm ~ kT. F u r t h e r ,  i f  Ac >> kT,
9 3 .
fito may be neglected in comparison with A^. Then
[ 11
cni kf 7 W1 c
2 r m 6^ x x e
It J , 3 2 10n 47T p VRaman
l Ac c
rv
(ex-l)2
dx (4-25)
boo
where x nm
This expression for the Raman relaxation rate relies on the use of the
0
Debye model and the upper limit of the integration is x^ = D/T, where
(14)0p is the Debye temperature. For T << 0 , xm ^ 00 and the integral
in (4-25) is approximately 6!
' 1 ' _ 9(6!) fkT 7 WZ c, 3 2 10 
n 4 tt p VRaman
U J Ac c
Then finally 
2
(4-26)
This indicates that the Raman relaxation rate is proportional to T .
The Raman relaxation will take place via several possible upper levels
(like \c >  ) and hence the summation over all such levels has to be made.
A Raman process will also take place due to the term in the
orbit lattice interaction that contains the strain to second order (i.e.
2
Cnm  ^ (see expression 4-11), and may make a non-negligible contribution 
to the relaxation rate [arising from the first order strain (i.e. e ) 
consideration (expression 4-26)]. Thus the Raman relaxation rate becomes
Raman
9( 61 )
, 3 2 10 4 tt p v
) 7
( <  a 2 —  p (p +1) B 0 b >1 2 rn rn n n 1v n ,m
W
c c
(4-27)
The Raman process uses a wide range of high energy phonons 
to induce spin-lattice relaxation and the number of such phonons, given 
by the product of Bose-Einstein factor and the density of states, will 
be very large. In effect the Raman process makes use of the entire 
phonon spectrum
94.
(1414.4.5. Orbach Relaxation Process
When k0p > the phonons of energy - Ac will be present
in the lattice and the denominator in expression (4-24) vanishes. This
allows the integral to have one 'resonant peak' at luo - A  as well
as the 'non-resonant peak' at Ru) - kT (Raman process), and it must
be decided whether phonons of energy A^ or kT will be dominant in
producing spin-lattice relaxation. Usually A^ >> kT and so very small
number of phonons of energy A^ will be available (according to the Bose-
Einstein factor), but they are much more effective in producing spin-
lattice relaxation due to the vanishing denominator in the integral. This
relaxation process involving 'resonance between phonons and crystal
field levels' is known as the Orbach process.
(14)Orbach avoided the apparent divergence of the integral 
at Ra) = Ac in expression (4-24) by adding one additional term iI^/2
in the denominator on physical grounds. is the energy width of
the excited state |c >. This is quite necessary as the level |c >  
has a finite life-time, and hence the lineshape of the emitted (or 
absorbed) radiation must have a finite energy width.
The Orbach process will take place at ftu) - Ac only and
(14)consequently the Orbach relaxation rate is given by
'll 9 rA 1 c cosech^
r Ac
T, „  3 2 10 R 2kT1JOrbach 1611 p V
x W nm2 rrd2(Rw -A ) + ~nm c 2
(4-27)
The function to be integrated dies out very rapidly as |Roo^^-A^| moves 
away from zero, that is, the function is sharply peaked about Rw = A^, 
and hence the limits of the integral can be taken as 0 and °° effectively.
TTThe integral between these limits is simply equal to -p-p—  . This gives
f_ 2 _ .1U-VvioJ cosech 2
c
X
c
(4-28)
Orbach
9 5 .
Now T can be e v a l u a t e d  u s in g  th e  f a c t  t h a t
(mean l i f e  o f  e x c i t e d  s t a t e )  x (energy l i n e w id th )  -  R 
o r ,  energy w id th  = R x ( t r a n s i t i o n  p r o b a b i l i t y )
Hence,
(r )c c+a
so t h a t ,  T
nm
V Orbach
3 Ac
27TpV5 L » ]
3 rA  ^c
27TpV5
Rk
(T ) +c J c+a
n'm'
4 - 2 8 )  , o n e
f  3
2lTpV5 I \ c
(N +1) nm
(N , ,+1) n 'm '  7
c^c+b
exp( c/kT) 
e x p (^ c /k T ) -1
<  a |  2 p v ^ b  >  1 r n n 1 n,m
<  c |  2 p v* |b >
l m  •n' n '  n ’
(4-29)
, and p u t t i n g  th e  va lue  o f  T
rA
e x p ( ^ c / k T ) - l  * G(c) (4-30)
where G(c)
I < a |  2 pn B V | c ^ ^  I < c |  ^  Pn , B ^ ; | b >
2 f (4-3!)
n,m n ’m'
The summation over  o t h e r  upper  l e v e l s  ( l i k e  |c >  ) has  been taken  to  f i n a l l y  
o b t a in  the  r e l a x a t i o n  r a t e  from a l l  such p a r t i c i p a t i n g  l e v e l s .
One comment r e g a r d i n g  the  va lue  o f  the should be made h e re .
The l i n e w id th  c a l c u l a t e d  e n t i r e l y  from the  t r a n s i t i o n  p r o b a b i l i t y  e x p re s s io n  
i s  q u i t e  v a l i d  when t h e r e  a r e  no o t h e r  f a c t o r s ,  such as d i p o l a r  s p i n - s p i n  
i n t e r a c t i o n ,  which may cause f u r t h e r  b roadening  o f  tne  energy w id th .  Hence 
the  above e x p re s s io n  (4-30) i s  s u i t a b l e  f o r  d i l u t e  systems.
F u r t h e r ,  i f  o t h e r  r e l a x a t i o n  p a th s  a re  o p e r a t i v e ,  then  Tc w i l l
be l a r g e r  and
Orbach
s m a l l e r .  T h e re fo re ,  the e x p re s s io n  (4-30) g ives
9b.
the upper limit of the relaxation rate.
3It is also important to note that the term in expression 
(4-30) occurs as a result of assuming the Debye model for the phonon 
density of states.
4.5. Phonon Spectrum of MgCO
It is worth-while at this stage to examine the applicability 
of the Debye model of the phonon spectrum to the above calculations of 
relaxation rates. The assumption of the simple Debye model for the phonon 
density of states may not be well justified over the entire energy range 
of the phonons taking part in the relaxation process. Very little is 
known about the detailed phonon spectrum of MgCO.,, but the isomorphic
CaCO., has been widely studied. Plihal (1973) (94) has calculated both
the phonon dispersion and the phonon density of states curves for CaCO^.
At low energies up to about 100 cm  ^ the phonon density of states curve for 
CaCO., (Fig. 4.4) looks Debye-like, then drops in the region of about 125 cm 
and further rises to a peak value at the energy of the lower Raman-active 
E normal mode (about 155 cm V  At higher energies the density of states 
decreases sharply and remains fairly small, except for a sharp peak at 
about 300 cm *.
Raman vibronic spectra of a number of rhombohedral carbonates, 
including both CaCO, and MgCO^, have been observed by Rutt and Nicola (1974)
-1
(95)
(9b) The E mode at g(Fig. 4.5), and also by Plihal and Schaack (1970)
155 cm * in CaCO, is Raman active and the corresponding mode in MgCO^ is at 212cm
An important point is that this mode corresponds to the major peak in the 
phonon spectrum. Therefore, as a first approximation it may be assumed
that the low energy part of the phonon density of states curve in MgCO., 
is similar to that calculated by Plihal for CaCO,, but stretched by a 
factor of (212/155). The higher energy Raman-active E i modes for CaCO 
and MgCO^ are at about 281 and 329 cm * respectively, and they fall in
the region of another peak in the phonon density of states curve.
9 7 .
Figujc  4.  4. For CaCO  ^ c r y s t a l  the c a l c u l a t e d  one-phonon d e n s i t y  D 
in (numbers o f  f r e q u e n c i e s ) / 5  cm"1 .
(Taken from M . P l i h a l , phys . s t a t . so 1 . (b) 56,  495 ,  1973)
Table 1. 2. < Jhserved Raman frequencies lem ).
Nearest- 
neighbour
( onipotind 1 x ter nal Internal Combination distance
1> 1 9 E. Ai. L-, A, -i- 1i ■ i (A)
( ;i( O, 155 2X1 71 1 1085 14 3 5 1748 2 356
CdCO, 1 58 271 712 1084 1388 1718 2 288
C o m , (301) (1090) — 2 109
I c< (), 194 299 731 1088 17 38 2 142
M g f O , 212 329 739 1084 1445 1763 2 101
Nit o , 235 343 736 1089 1428 1731 2 071
/ n( O, 194 302 726 1090 1406 1735 2 1 10
M nCO, i s t 289 721 1088 1417 1729 2 195
345
--------n ' ^ - r v l r
Z n C O
— —  M q C O
271 (
^ ___
f' i gure 4 . 5. Ihc Observed spectra at low frequency (external modes). A. II, C denote gas dis­
charge light.
(Taken from - Rutt and N i c o l a ,  J .P hys .C :  vol  7,
4544,  1974) .
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For energies up to about 212 cm the application of the
Debye model for the phonon density of states in MgCO^ thus seems fairly
reasonable, except that for energies around 190 cm * the density of
states may be significantly smaller than predicted by the Debye model 
(when considering Figure 4.4 modified for MgCOg),
Therefore, it is expected that the Debye model will give a reasonable 
description of the long wavelength phonons in which one is interested 
for the calculation of the Raman relaxation rates at low temperatures.
When considering the Orbach process, however, all the phonons should 
be considered and the term (^ c/ft)3 in expression (4-30) should be 
replaced by an equivalent quantity that is proportional to the density 
of states of the phonons of energy Ac. So quite possibly the levels 
ip,- and could make significantly smaller contribution to the Orbach 
relaxation rate than predicted on the Debye model, and also in general 
any other higher energy level should make a fairly small contribution to 
the Orbach rate unless it happens to coincide with the high energy 
peak in the phonon density of states curve.
4.6. Velocity of Acoustic Phonons in MgC07------------------------------------------------------------O
The calculation of the spin-lattice relaxation rate requires 
the knowledge of the velocity of acoustic phonons (i.e. the velocity of 
sound) in the crystal. In the absence of any data on the direct measure­
ment of the velocity of sound in MgCO^ crystal, its value may be estimated 
from the Debye temperature of the lattice. An estimate of the
Debye temperature may be made from the zero point energy of the Fe-ion, which
99.
can be obtained by the extrapolation of the high temperature Mössbauer
isomer shifts to 0°K in the classical limit. An advantage of this method
is that it gives the effective Debye temperature for Fe ions in MgCO , rather
than that of the host lattice. For a Debye solid the zero-point motion
(35)shift (i.e. the isomer shift due to zero-point motion) is given by
(S(ZPM)
The measured values of the isomer shifts at different temperatures have 
been plotted in Figure 4.6. The extrapolation of the high temperature
data to 0 K gives 6 (ZPM) 0.080 ± 0.005 mm/sec. which corresponds
to the Debye temperature 0^ = 290 ± 20 K.
The Debye temperature can also be estimated from the phonon 
spectrum of MgCO^. The Debye-Waller factor for the Mössbauer event 
depends on an average over the phonon spectrum, and is strongly weighted 
towards the low frequency e n d ^ 7  ^. If p(u)) be the density of the 
phonon states, then the Debye-Waller factor depends on the integral of 
p(coD/^ the jow temperature limit and on the integral of at
high temperatures^7^. Consequently, the Debye-Waller factor, and hence 
the spectral area (or recoilless fraction), is determined more effectively 
by low energy phonons rather than by high energy ones. Thus the Mössbauer 
absorption area will be less sensitive to phonons at energies greater
than about 212 cm  ^ (low energy E mode) and for practical purposes the
8*
effective Debye temperature at Fe sites may be assumed to be about 212 cm 
(0p - 305K). This assumption is in good agreement with the Debye 
temperature estimated from the zero-point motion of the Fe-ion.
When Fe^+ is substituted for Mg^ + in MgCO^ the vibrational
-1
properties of the Fe sites may change to some extent, as the Fe ion is 
considerably heavier than the Mg ion. It is to be noted that the low
100.
0 100 200 300
Temp°K
Figure 4.6. Temperature dependence of the isomer shift (I.S.) of Fe2+ in 
MgC03. The high temperature values have been extrapolated, as shown 
by the broken line, to obtain the isomer shift at 0°K in the classical 
limit.
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energy vibrational E^ mode for FeC0_, falls at 194 cm , which is only
slightly smaller than the low energy (212 cm )^ E mode for MgCO . Thus
§ ^
even if Fe" in MgCO^ happens to behave like FeC0„, the same order of 
Debye temperature may be expected.
Now, the Debye frequency, u) , and the velocity of sound, v,
in the crystal are related by the expression (97)
2 36 tt Nv V
where *Vv is the number of metal ions per cm^ in the crystal. Using
22 -z tl)nh
N/V = 2.15 x 10 atoms/cm‘ for MgC0„, and 9 = —j—  - 300K, one obtainsj U K
v - 3.80 x 105 cm/sec.
The velocity of ultrasonic pulses in CaCO^ crystals^^ along
c
various directions of propagation has been found to lie between 2.6 x 10" 
cm/sec. to 7.2 x 10^ cm/sec. The form of the phonon spectra of CaCO^ 
and MgCO., is not very different and the two crystals have very similar
3densities (i.e. 2.80 and 3.02 gm/cm respectively) as well. Therefore, 
the range of the velocity of sound in MgCO^ may be expected to be very 
similar to that in CaCO.,. The mean velocity of sound in the crystal in 
the Debye approximation is well within this range. Thus the estimated 
mean value of the velocity of sound in MgCO^ appears fairly reasonable.
4.7. Calculation of Raman Relaxation Rate
The Raman relaxation rate for Fe^+ in MgCO., may be calculated 
from the general expression (4-27), where |a >  and |b >  represent the 
ionic ground states ip^  and \p? , and |c >  can be \p^, ip^, ip^  .... with
energies A.,, A^ , A,. .... A respectively. Now the matrix elements like 
<^l|0™|c >  can have non-zero values only if the wavefunctions ip^  and 
|c >  contain some components that have identical spin-parts because the
102 .
o p e r a to r s  0™ operate  on the o r b i t a l  angular  momentum p a r t s  o f  the wave-
f u n c t i o n s  on ly  and, t h e r e f o r e ,  cannot connect  the b a s i s  s t a t e s  d i f f e r i n g
in  t h e i r  s p in  p a r t s .  The same c o n d i t i o n  a p p l i e s  to  the matrix e lem ents
o f  the  type  <  c10 ^ f 1^2  ^  • Thus i t  becomes immediately  apparent that
the wave f u n c t i o n s  jc >  = ip , ip . . . .  ip have zero matr ix  e lem ents  wi th
e i t h e r  ip or ip , and hence jc >  = \ p 7 , \ p . ,  ipr  and ijv , and i|v _, i p , ,  and 1 2  3 4 3 6 l b 14
o n ly  in  e x p r e s s i o n  ( 4 - 2 7 ) .  Then one o b t a in s
' 1' 9 ( 6 ! ) kTl 7 r 2W" +
W, w, Wr W,,  W1C -13 4 5 13 15
2
. 3 2 10n 47T p VRaman
1 fi
t
AT A A17 A1C3 4 5 13 15
l > o
where 2 <  l y  P (P +1 ) ßm0mI\p >  ,1 2 r n r n n n 1 2n ,m
< ^ i P B m o m \ i p x > < i p j p1 , r n n n 3 3 r n' n ’ n'n , m , n ' ,m
>
and,
and
< i j v | p  B V k  > < i | v | p  Bm,0m', , 1 kn n n 4 4 M i'  n' n' y 2
>
n , m, n ' , m
L = i  2 < i U p  bV U  > < K ; . | p  tBm;om; , >  5 1 r  l ' r n n n ' k  k ü n'  n'  n "  2k=5 n,m,
n ' , m ?
1 4
w 1 = 2 2 <  iK p B 0 ik >  <  ik p f B , 0 , ip >13 . 1 n n n' k k rn' n' n ’ 2k= 13 n,m,
n ' ,m'
< * >  Bmom I ip > < *  |p ,Bm;om’, i 4»7, , l ' r n n n 1 15 1 5 11n ’ n' n ' 1 21 m »n , m, n 1 
>
The e x p r e ss io n s  for  W and W d i f f e r  in form from those  o f  W_ and W.5 13 3 4
because  and ip are d e g e n e r a te .  They are ob ta in ed  from equat io n  (4)  
o f  Orbach's  paper .
While c a l c u l a t i n g  the matr ix  e lem en ts  o f  the  dynamic c r y s t a l
f i e l d  o p e r a t o r ,   ^ , between the o r b i t a l  s t a t e s  (p ,^ (j)^  and 4> ^, a l l
p o s s i b l e  forms o f  b'^ O™ should  be c o n s id e r e d .  For example,  between 0^
1 2 1 2and the terms 0^ , 0^ , 0^ and 0^ can have non-zero  matrix
-32)
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elements,and hence all of them should be considered. Further, the 
calculation needs the values of the various dynamical crystal field 
parameters, B™, which are unknown. However, following the approximations 
of Orbach^14'* and of Scott and Jeffries ^ 199  ^ it will be assumed that
I B2 1 = lß2 | - | B(
iBi 1 - lB4 | - | B*
and |B31 4 1 | 20/2" B1
The matrix elements of i
from the standard tables^191 ,102)^
obtains
w " -3.2 x 10
W3 - -7.2
to01—HX
W4 - + 1.1 X 0
W5 - -1. 1 x 105
W13 4.3
to0X
W15 -1.4 x 104
Using p = 3.017 gm cm -3, v = 3.80
-1- 166 cm ,
cc "I- 55 cm ,
- 1555 cm“1 .
one
-1
m“1)2
cm“1)2
:m-1) 2
- U 2  i ) ,
-L2
-1
= 194 cm 1, = 1743 cm 1 and A = 1748 cm 1, the expression (4-28)
finally becomes
Raman
2.344 x 10 V |l.03 x 103 + (95.26 - 95.57 - 561.85 +
2.48 - 8.34) (4-33a)
2.344 x 10“9T7 i1.03 x 103 + 3.18 x 105 (4-33b)
or, bT7 sec 1 where b 7.45 x 10-4
Raman
(4-34)
The first term of the expression (4-33b) gives the two-phonon Raman rate
104 .
2due to the second order lattice strain (e ) in the orbit-lattice interaction 
whereas the second term gives that due to the first order lattice strain 
(e), and it appears that the latter is about 300 times faster than the 
former.
It may also be noted from the expression (4-33a) that due 
to interference effects in phonon scattering the contributions to the 
Raman rate from the levels \p^ and iK almost cancel each other. Such 
interference effects are also present between some other states. The 
interference effects are seen because the terms like W<VAC are to be summed 
first and then squared.
The expression (4-34) has been derived by considering 
exclusively the lower ^ T ^  triplet resulting from the cubic crystal field 
splitting. However, in a rigorous calculation all the 25 states of the 
free ion ground multiplet should be considered. This is because the 
E^ excited doublet transforms as the same irreducible representation of 
the trigonal group as does the E ground doublet, and consequently some 
mixing between these states is induced by the trigonal component of 
the crystal field.
The contribution to Raman rates from the excited ^E states
g
may, however, be roughly estimated without going into the details of the
wavefunctions of the^E multiplet. It is apparent that any major contribution
to Raman rates from this excited ^E multiplet will come through the
levels I ,0 >  and |4>q ",0 >  only, as they can have spin-allowed transition
matrix elements both with ip^  and ip? . For the energy of the levels 1 *  , 0 >
and |4> ",0 >  (from the ground doublet ip1 and ip? ) of the order of 10,000 cm ^, 
WU 1
the like contribution from j ’ , 0 >  or |4>^  ,0 >  comes of the order
c
of 0.45 only. This means that an extra term of the order of 0.90 has 
to be added to the quantity given in small brackets in expression (4-33a), 
and this makes only a negligible contribution to the Raman rates.
105 .
I f  one c o n s id e r s  the more a p p r o p r i a t e  3E l e v e l s  as (<|)q ' ) C
and (c|)^")C ( a f t e r  mixing by the  t r i g o n a l  f i e l d ) ,  the  o rd e r  o f  the 
c o n t r i b u t i o n  to  Raman r a t e s  remains unchanged.
Thus i t  appears  t h a t  the  c o n t r i b u t i o n  to  Raman r e l a x a t i o n
r a t e s  from the  e x c i t e d  'E  m u l t i p l e t  i s  q u i t e  n e g l i g i b l e ,  and hence 
c o n f in i n g  the c a l c u l a t i o n s  w i th i n  the  ground t r i p l e t  3T~ i s  
j u s t i f i e d .
4 . 8 .  C a l c u l a t i o n  o f  Orbach R e la x a t io n  Rate
The Orbach r e l a x a t i o n  r a t e  may be c a l c u l a t e d  from the  
e x p r e s s io n  (4-30) where |c >  = ip^ , \p^ , ip^  and ip^. The c o n t r i b u t i o n s
from the l e v e l s  ij> and 0 ^  a re  not  c ons ide re d  as the energy o f
th e s e  l e v e l s  i s  f a r  g r e a t e r  than  the Debye energy o f  the  c r y s t a l .
Now from the e x p r e s s io n  (4-31) one o b t a i n s
G(i^)  = 3.62 x 103 (cm"1) 2 , and 
G(ib4) = 5.41 x 103 (cm-1 ) 2 .
However, f o r  the  d eg en e ra te  l e v e l s  ipr and ip,
5 6
c(ip5)
< i P j p  B,n0m I H, 1 ' r n n n 1 > <<lv|p >5 1 r n ' n ' n ' 1 2
only  when = T . This  c o n d i t i o n  i s  s a t i s f i e d  here  as the l i f e t i m e s  o f  
the  degene ra te  s t a t e s  must always be eq u a l .
Then,  G(iJ; ) = 7.75 x 104 (cm-1 ) 2 .
F i n a l l y ,  assuming f o r  the  moment t h a t  the Debye model o f  the
phonon d e n s i t y  o f  s t a t e s  i s  a p p l i c a b l e ,  one o b t a i n s
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exp 109 + 4.9 exp -162 + 357.3 exp '-279]
l T
(4-35)
Orbach
9 - 1  Awhere a = 8.0x10 see . It has been assumed that for c/kT >> 1,
' A 'c
kT[ exp( c/kT)-l] * - exp As discussed earlier, the phonon density
of states around the energy of the levels ij; and 4'^ niaY be significantly 
smaller, and to account for that a reduction factor r may be introduced 
in the last term, so that
f 1 1 [-109] '-162] f-279]= a exp T + 4.9 exp l T + 357.3 x r exp T J JOrbach (4-36)
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CHAPTER 5 .
Results and Discussion of Spin Relaxation of Fe"+:MgC0^
5.1. Interpretation of Mössbauer Spectra
The Mössbauer spectra of 5% Fe^ :MgC0^ at various temperatures 
are given in Figure 5.1. The spectra were taken over the temperature 
range 4.2 to 295K, and particularly at small intervals between 4.2 and 65K 
to study the relaxation behaviour of the Fe2+ ion. The spectrum at 
4.2K shows a well resolved six-line magnetic hyperfine pattern, as a 
result of the effective magnetic field at the nucleus produced by the 
ground ionic doublet The effective field description of the
magnetic hyperfine interaction is valid here because of the extreme 
anisotropy of the ground ionic doublet, and each state of this doublet 
produces an effective field parallel to the direction of the trigonal 
distortion. A single hyperfine spectrum is observed because both states 
of the ground doublet give rise to the same hyperfine splitting of the 
nuclear levels, although the magnetic fields from the two states are 
antiparallel, and the quadrupole interactions from both the states are 
also the same (see Section 5.7 for details). The 4.2K spectrum gives 
a magnetic hyperfine field of ±198 kOe, a quadrupole splitting of 2.02 mm/sec. 
and an isomer shift of 1.36 mm/sec. relative to pure iron.
The lines start getting broadened at about 10K and above due 
to electronic relaxation effects. As the temperature increases the 
relaxation rate increases and the magnetic splitting gradually disappears 
until at about 65K the thermal average of the two hyperfine fields, which 
is zero, is observed and an almost symmetric quadrupole doublet is 
observed. The inner peaks are seen to collapse more rapidly than the 
outer ones, which is due to the fact that the Larmor precession 
frequency of the nij = states is lower than that of the m = ±^/2
A
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Fi gu r e  5 . 1 .  Mtfssbauer  s p e c t r a  o f  5 % Fe^ :MgCO^ a t  v a r i o u s  t e m p e r a t u r e s .  
The s o l i d  l i n e s  a r e  t h e  f i t t e d  r e l a x a t i o n  s p e c t r a  u s i n g  Blume' s  
s t o c h a s t i c  model .  The sample  t h i c k n e s s  i s  abou t  5 mg/cm^ o f  n a t u r a l  
i ron .
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states. It is r.c be noted that the relaxation rate
can be measured only within a relatively small region where it is neither 
too small nor too large compared with the nuclear Larmor frequency. Outside
range in which the temperature dependence of the magnetic relaxation 
rate of Fe^+ in MgCO^ can be studied by Mössbauer spectroscopy.
5.2. Mössbauer Spectra in Fluctuating Magnetic Field
The description of spin relaxation in terms of a fluctuating 
magnetic field is an approximation, but it has the advantage of being 
applicable to the whole range of relaxation rates^^'* (i.e. slow, 
intermediate and fast relaxation rates). Therefore, this model is 
particularly suitable for the present study where this approximation is valid and 
the Mössbauer spectra show tne changes over the whole region of relaxation rates.
of these limits the spectrum becomes insensitive to any further
changes in relaxation rates. Hence ~10 to 65K is the only temperature
The spin-relaxation rates can be determined from the observed
spectra if one knows the Mössbauer lineshape in the presence of a time
dependent (or fluctuating) magnetic field and the electric field
gradient at the nucleus. In such a situation the Mössbauer lineshape, 
according to Blume and Tjon (1968)^^^, is given by
a
2 1 W-^(k) = y  Re dt exp(io)t - y ft) x
00
< X|H(_) |a >  <  a|u+ (t) H ^ U ( t )  |X > (5-1)
where
II( + ) t
U(t) = exp(-it) 
U(t)|a >  = exp(-iE^t)
U (t) I A >  = exp(-iE^t)
E^ and E^ are the energies of the |a >  and |X >  nuclear states so that
no.
II is the total Hamiltonian for the entire system.  ^ is the inter­
action Hamiltonian (i.e. magnetic dipole operator) for the emission or 
absorption of y-photons by the nucleus, u) and k are the frequency and 
the wave vector of the y-photon.
The intensities of transitions are given by
W(k) £
A,a Px W A a ( k) (5-2)
where p, is the probability that the initial state occurs. Here for the
A
nuclear transitions p, = 1 . Now writing
H ^  (t) = U+ (t) H (+) U(t) ,
W(k)
a
O'
dt exp(iu)t - y ft) <  H^ ^ H ^  (t) >  , (5-3)
where the brackets <  >  represent the average over all possible initial
states IA >  with summation over the final states |a >
If the Hamiltonian H is a random function of time, the
expression for the lineshape becomes
a
W(k) = exp (ia)t [< H^  ^H^(t) > (5-4)
where [ ] ^  indicates the average over the stochastic degrees of
freedom in the Hamiltonian.
In the present case of ahighly anisotropic ground doublet 
(gj^  = 0) the magnetic field is always along the trigonal axis (z-axis), 
particularly at low temperatures when higher levels are not occupied. 
Thus at low temperatures the nucleus experiences a magnetic field that 
can flip up and down along the principal axis of the electric field 
gradient (assumed to be fixed) only. Under these conditions the 
Hamiltonian for the nucleus is given by
5f ■ rH0 + Q(3IZ2 - + « N V z Hf(t) (5-5)
1 1 1 .
eQV
where Q ( ; zz12 ) i s  the quadrupole  i n t e r a c t i o n  c o n s t a n t ,  11 th e  magnet ic
f i e l d  and f ( t )  i s  a random f u n c t i o n  o f  time which t a k e s  on the  va lu e s  ±1 
on ly .  This  model d e s c r ib e s  the  nuc leus  in  the p resence  o f  r e l a x i n g  
e l e c t r o n i c  s p i n s .  The fu n c t i o n  f ( t )  i s  s p e c i f i e d  by g iv ing  the m a t r ix  
o f  p r o b a b i l i t i e s  p e r  u n i t  t ime f o r  a t r a n s i t i o n  o f  f ( t )  from the
value i  to  the va lue  j ( i  ^  j ) .
The f i n a l  e x p re s s io n  f o r  the  l i n e s h a p e  i s  given by (103)
W(k) f 2?
whe re
Re 2 4- I <  I Änu |H+ | l  m >  | 2* 2 p. <  J | (p-W-iaF) _1 | i  >  ,
m m, o 1
0 0
i j
(5-6)
f C\( T. T *“ 15^1- i  [ o)-oj0 - Q ( 3 I 2 - -J-)] + 2
(gomo 8l ml )ß NM0
w =
- w
- +  /
' 1
\
0 \
\0 -1 1
and p^ i s  the a p r i o r i  p r o b a b i l i t y  o f  s t a t e  i (assumed to  be independen t  
o f  t i m e ) .
57For Fe, w co r responds  to  14.41 keV energy and i s  a c t u a l l y  
the  c e n t r e  o f  the  Mtissbauer spectrum when no quadrupole  o r  magnetic 
i n t e r a c t i o n  i s  p r e s e n t .  0^ i s  the  n u c l e a r  magneton,  a re  the  n u c l e a r
g^ v a lues  f o r  the ground and e x c i t e d  s t a t e s ,  and I ^omO ^  * ^ l ml ^  r e Pr e s e n t  
the  n u c l e a r  ground and e x i c t e d  s t a t e s .  For the  paramagnetic  s t a t e  o f  the ion
p . = and W1 l  2 +- W = W - +
( 10)
The e x p r e s s io n  may be e v a l u a te d  f o r  each value o f  u)-u)q by 
i n v e r t i n g  the  2x2 m a t r ix  (p-W-iaF) .  I n v e r t i n g  t h i s  2x2 m a t r ix  a n a l y t i c a l l y
W(k) [2l Re “  T 1 <  IomolH+lI imi >  I2
1 4 W + 2 p
r 2 2 2 _ ..
V i p  + a  + 2p W
(5-7)
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Now, w r i t i n g  p
2W+p
p2+a2 +2pW
T 2 15x + -  , where x = co-co0 -Q(31  ^ - -j-) ,
(2W+y)-ix
2 ’ 
( a 2 - x 2 + ^ r w )  - ix(f+2W)
so that
Re 2
P
2W+p
2
+a +2pW
Then f i n a l l y
W(k)
(2w+y) ( a 2 - x 2+^+rw) + x2 (r+2w)
22 2 r 2 2 2(a -X + -J- + rw) + x (T+2W)
B ( l e t  us say)  .
<  I omo | H + | l i mi >
Vi 2T
(5 -8 )
(5 -9 )
In t h i s  e x p r e s s i o n  the matr ix  e lem ents  | <  I^m^jH ll^m^ >  | 2
determine the i n t e n s i t y  and p o l a r i s a t i o n  o f  i n d i v id u a l  l i n e s ,  and t h e i r
dependence on m^  and m^  i s  g iven  by the r e s p e c t i v e  Clebsch-Gordan
c o e f f i c i e n t s  and the a n g u l a r - d i s t r i b u t i o n  f u n c t io n  ( s e e  Chapter 1 ) .  For
powdered average s p e c t r a ,  t h e s e  matr ix  e l em en ts  r e p r e s e n t  the usual
2 16 - l i n e  spectrum having  i n t e n s i t y  r a t i o s  1 :—
I f  a l l  the v a r i a b l e s  03^,r,W,3^ and H are e x p r e ss e d  in  the  
u n i t s  o f  channe l ,  then the i n t e n s i t y  o f  the Mössbauer spectrum in  any 
p a r t i c u l a r  channel may be ob ta in ed  by p u t t i n g  0) equal  to  t h a t  channel  
number. In g e n e r a l ,  the i n t e n s i t y ,  y ( n ) ,  o f  the Mössbauer spectrum in  
channel number n w i l l  be g iven  by
y(n)
< I o ,m0 lH+II 1 ,m1 >
B(n)
Vi 2T
(5-10)
where B(n) i s  c a l c u l a t e d  a t  u)=n .
The c a l c u l a t e d  r e l a x a t i o n  spectrum, e x p r e s s i o n  ( 5 - 8 ) ,  may 
then be f i t t e d  to the observed  spectrum by the l e a s t - s q u a r e s  method t r e a t i n g
1 1 3 .
W (the relaxation rate) as a variable.
5.3. Fitting of Spectra
The various observed spectra were computer fitted to the 
spectra calculated by Blume and Tjon’s stochastic model, given by the 
expression (5-8). The final function, Y(n), to be fitted to the data 
consisted of the lineshape function y(n) superimposed on the parabolic 
background, so that
Y(n) = A + B(n-nQ)2 + Cy(n) , (5-11)
where A, B and C are constants, n is the channel number and n^ is the 
zero velocity channel.
Now for a given relaxation rate, that is, the rate at which the
fluctuating magnetic field assumes values H and -H, the shape of the
spectrum depends upon the linewidth (T) of the Lorentzian. This line- 
width, in fact, is the full width of the Mössbauer absorption lines in the 
limit of very small or very large relaxation rate. Naturally, the value 
of the relaxation rate obtained from the fitting of the function Y(n)
to data will depend to some extent on the choice of the linewidth used as
a fixed parameter.
For the present purpose the range of the linewidth was 
estimated from the 4.2K spectrum. In the 4.2K spectrum the widths of all the 
six lines are not equal - the outer lines being slightly broader than 
the inner ones. This indicates that the spin relaxation rate is almost 
ideally small at 4.2K, but there is a small distribution of
magnetic fields at different Fe2+ nuclei. The distribution of fields can produce 
line-broadening in the spectrum, and the higher energy lines resulting 
from the nuclear transitions \— , ±— >  to | ± — >  are relatively
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more broadened than the lower energy lines resulting from the transitions 
|p ±y >  to \ j , ±y >  or ly> + y >  , because for the excited state
■7 7
(I = —) the substates ± j  have a higher nuclear magnetic moment than the 
sub-states ± p  The sample thickness and the poor collimation of y-rays
may also give rise to additional line-broadening. The sample was kept quite thin
2(-5 mg/cm of Fe) and so any line-broadening due to sample thickness was 
insignificant. For the same alignment the spectrum from the 12-micron
thick iron-foil absorber had alinewidth of about 0.22 mm/sec, which indicated 
a good collimation of y-rays.
The widths of the lines in the 4.2K spectrum lie between 5 and 6.2
channels (1 channel = 0.06018 mm/sec) only, and furthermore the quadrupole
split spectra at high temperatures (T > 77K) also indicate linewidths
of about 5.5 ± 0.2 channels. On these observations an effective line-
width of about 5.5 channels can be quite reasonably assumed, and three
different linewidths, for example, of 5.2, 5.5 and 5.7 channels were
used to see how the calculated relaxation rates change as a function of
the assumed linewidth. It may be noted that if the linebroadening is
due to a distribution of magnetic fields,as it appears to be, then this
distribution would have very little effect at higher relaxation rates,
i.e. the effective linewidth would depend on the relaxation rate (W).
At various temperatures the calculated relaxation rates for
three slightly different values of the linewidth are given in Table 5.1.
It appears that the relaxation rates change only by a small amount for
small changes in the linewidth parameter. Hence, any small departure
from considering the true linewidth, that may exist, will not affect the
1results in any appreciable manner. When one plots log 
1 1
against log T
or -7p- , the curves for the three sets of data almost coincide. It 
indicates that the behaviour of the temperature dependence of relaxation 
rates will not be significantly affected by small changes in the linewidth
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Table 5 .1 .
\  FWHM(T) 
T°K \
5 .2 .  channels 5.5  channels 5 .7  channels
1 -1 y— sec
1
1 -1 
Y~sec
1
1 -1 ^ s e c
1
10.0 4.70  x 106 3.64 x 106 2.93 x 106
12.5 7.10 x 106 5.90 x 106 4.80  x 106
15.0 1.24 x 107 1.13 x 107 1.07 x 107
16.0 2.11 x 107 2.08 x 107 2.05 x 107
17.5 3.86 x 107 3.85 x 107 3.82 x 107
20.0 8.01 x 107 8.04 x 107 8.05 x 107
22.5 2.23 x 108 2.21 x 108 2.24 x 108
25.0 4.58 x 108 4.65 x 108 4.73 x 108
27.5 7.57 x 108 7.67 x 108 7.97 x 108
30.0 1.05 x 109 1.08 x 109 1.10 x 109
32.5 1.59 x 109 1.63 x 109 1.66 x 109
35.0 2.04 x 109 2.11 x 109 2.15 x 109
37.5 2.85 x 109 2.97 x 109 3.09 x 109
40.0 3.91 x 109 4.20 x 109 4.29 x 109
42.5 4.90 x 109 5.09 x 109 5.53  x 109
45.0 7.01 x 109 7.25 x 109 7.58 x 109
50.0 9.11 x 109 1.05 x 1010 1.17 x 1010
55.0 1.31 x 1010 1.68 x 1010 2.07 x 1010
65.0 2.37 x 1010 2.88 x 1010 3.35 x 1010
1 channel  = 0.06018 mm/sec.
For = 14.41 keV, lmm/sec.  = 1.5177 x 108 secy
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o f  th e  a b s o rp t io n  l i n e s .  The c a l c u l a t e d  s p e c t r a ,  g iven by s o l i d  c u rv e s ,
f o r  th e  l in e w id th  o f  5 .5  channel (=0.33 mm/sec) a re  shown superim posed
on th e  observed  s p e c t r a  in  F igure  5 .1 .  f o r  a few c a s e s .
The c a l c u l a t e d  fu n c t io n  Y(n) was f i t t e d  to  the  d a ta  by the
method o f  l e a s t  s q u a re s .  The goodness o f  f i t  was judged by the  v i s u a l
com parison between th e  d a ta  and th e  c a l c u l a t e d  spec trum , and by th e  v a lu e
2
o f  c h i - s q u a re d  p e r  degree  of freedom. C h i-squared  (y ) p e r  degree  o f  freedom 
was d e f in e d  a s ^ 30^
number o f  deg rees  o f  freedom l e f t  a f t e r  f i t t i n g  N d a ta  p o in t s  to  m 
p a ra m e te rs ,  and Y(n) and y (n)  r e p r e s e n t  th e  d a ta  and the  c a l c u l a t e d  v a lu e s  
r e s p e c t i v e l y .  The values o f  c h i - s q u a re d  p e r  degree  o f  freedom were between 
2 and 3 f o r  a l l  th e  f i t s .
I t  may be no ted  t h a t  th e  d a ta  shows a very  sm all e x t r a  a b s o rp t io n
in  the  r e g io n  o f  -5 mm/sec, which may be due to  a very  sm all f e r r i c  (Fe3+)
im p u r i ty  in  th e  sample. T h is  may account f o r  some o f  the  d i s c r e p a n c ie s
between th e  d a ta  and th e  f i t .  However, t h i s  im p u r i ty  i s  q u i t e  sm all and
i t  i s  n o t  ex p ec ted  to  a f f e c t  s i g n i f i c a n t l y  the  r e s u l t s  o f  the  a n a ly s i s  o f  th e  
s p e c t r a .
5 .4 .  D iscu ss io n  o f  R e la x a t io n  Rates
p red o m in an tly  due to  a s p i n - l a t t i c e  r a t h e r  than  to  a s p in - s p in  mechanism 
f o r  th e  fo l lo w in g  re a s o n s :
X
2
N-m i s  th e
The observed  r e l a x a t i o n  o f  Fe^+ in  MgCO  ^ may be reg a rd ed  as be ing
( i )  th e  te m p e ra tu re  dependence o f  th e  r e l a x a t i o n  r a t e  =— i s
7 1 1very  s t r o n g  (a p p ro x im a te ly  p r o p o r t i o n a l  to  T a t  low te m p e r a t u r e s ) ;
( i i )  the  r e l a x a t i o n  r a t e  i s  a lm ost independen t o f  Fe 2+ concen­
t r a t i o n  f o r  th e  range o f  c o n c e n t r a t i o n s  s tu d ie d .  The samples c o n ta in in g
1 1 7 .
up to  10% o f  Fe^+ in MgCCL produced almost  i d e n t i c a l  s p e c t r a  a t  d i f f e r e n t  
t e m p e ra tu re s  as produced by the  5% Fe"+ sample.
( i i i )  the  I s i n g - l i k e  n a t u r e  o f  the  ground d o ub le t  ( i l ^ , ^ ) ,  with  
g^ = 0, p r o h i b i t s  any d i r e c t  s p i n - s p i n  r e l a x a t i o n .  S p in - s p in  r e l a x a t i o ^ ’^ * ' ^  
i s  mainly a r e s u l t  o f  d i p o l a r  and exchange i n t e r a c t i o n s  between s p in s  a t  
d i f f e r e n t  s i t e s  (see Chapter  1) and i t s  r a t e  i s  p r o p o r t i o n a l  to  
I < i|^ |s+|i|y. >  \ \  where i|^  and a re  the  two e i g e n s t a t e s  o f  the pa ram agne t ic  
ion .  The ground doub le t  c o n s i s t s  mainly o f  | 0 ^ , - 2  >  and | (f> ^,+2 >  and 
i s  e x c l u s i v e l y  occupied  a t  low te m p e ra tu r e s  so t h a t  <  | S+ 1 >  = 0,  and
no s p i n - s p i n  r e l a x a t i o n  i s  p o s s i b l e  between the ground d o u b le t .  One could  
conce ivab ly  get  i n d i r e c t  s p i n - s p i n  p ro c e s s e s  l i k e  <  \p | S >  <  ip | S |i|; >  ,
o r  a mixtu re  o f  s p i n - s p i n  and s p i n - l a t t i c e  p r o c e s s e s ,  t h a t  i s ,  i f  th e  two 
sp in s  a re  coupled and one i s  f l i p p e d  by a s p i n - l a t t i c e  p r o c e s s ,  the 
s p i n - s p i n  coup l ing  w i l l  t r y  to  f l i p  the o t h e r  one. But the reason  given 
above in ( i i )  d i s c o u n t s  t h i s  p o s s i b i l i t y  as w e l l .
Thus the  observed r e l a x a t i o n  e f f e c t s  a t  low te m p e ra tu r e s  
a r i s e  p r i m a r i l y  due to  s p i n - l a t t i c e  r e l a x a t i o n .  The one-phonon s p in -  
l a t t i c e  r e l a x a t i o n  p rocess  i s  u s u a l l y  im por tan t  only  a t  very  low te m p e ra tu r e s  
(<10K) and i t s  r a t e  i s  p r o p o r t i o n a l  to  te m pera tu re  ( T ) . Th is  p ro ces s  
cannot  account  f o r  the observed  r a p i d  change in  r e l a x a t i o n  r a t e s  over  a 
r e l a t i v e l y  small  t e m pera tu re  r ange .  Hence one i s  mainly i n t e r e s t e d  in  
two-phonon Raman and Orbach r e l a x a t i o n  p r o c e s s e s .
5 .5 .  Data F i t t i n g  to  Raman and Orbach Rates
( I ) For the Raman r e l a x a t i o n  p ro ces s  the  p l o t  o f  log v s .
log T should  be a s t r a i g h t  l i n e  w i th  i t s  g r a d i e n t  equal  to  7. The p l o t  o f  
the d a t a  (F igure 5 . 2 ) ,  however, appea rs  to  fo l low such a s t r a i g h t  l i n e  
(with g r a d i e n t  -7)  over  the  te m pera tu re  range o f  about  15 t o  25K o n ly ,  
and a t  h ig h e r  t e m p e ra tu re s  the  r e l a x a t i o n  r a t e s  in c r e a s e  l e s s  r a p i d l y
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Figure 5.2. Relaxation rate =?— derived from the Mössbauer spectra
11plotted against temperature (T). The solid straight line represents
1 _  2 7the function =— = 7.5 x 10 T . The solid curve represents the 71
calculated Raman rate for 0^ - 300K, so that the transport integral 
J^(^D/T) takes on values given in Table 5.2.
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than predicted by the Raman T expression. Hence the data was fitted 
by the least squares method to the expression
log
1
7 log T + log b
-2over the temperature range of 15 to 25K, and the value of b = 7.22 x 10
was obtained. The solid straight line in Figure 5.3. represents the Raman
rates for this value of b, and fits very well with the observed data for
temperatures between 15Kand 25K. Now it appears that the calculated Raman
-4rates (b = 7.43 x 10 , see expression 4-30) are about 100 times smaller
than the observed ones. While this may be regarded as a poor agreement
1
1
depends approximately
Raman
with the experiment, it should be noted that 
m 4on (B^) , as the second term (arising from the first order lattice strain) 
in expression (4-33) is much larger than the first term (arising from the 
second order lattice strain). Therefore, if the dynamic crystal field 
parameters were about 3 times larger than the presently estimated values, 
the agreement with the experiment would be good.
However, it should be noted that these corrections to may 
be inadequate as they are based on a point charge model. Also the relative 
values of the dynamic crystal field parameters may be different from 
the static parameters. Further, it may be noted that the Raman rate is 
very sensitive to the velocity of sound in the crystal and a small change 
in its value may significantly affect the above estimation of crystal 
field parameters.
For temperatures greater than about 25K the fit between
7
the data and the rates expected from the Raman bT relation becomes
progressively worse (Figure 5.2). This may be partially due to the fact
00 (used in the integral in expressionthat the approximation —  (= x )
(4-25)) is reasonably justified for -y > 12 (or T < 25K for 0^ - 300K)
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only, and becomes worse as T increases. The integral J^( *Vt ) at various 
temperatures have been reproduced below in the Table 5.2. from the 
"Tables of Transport Integrals, National Bureau of Standards, Circular 
No. 595, 1958".
Table 5.2.
0D/t
V x) = 6 xx e dx where 9^ = 0D700 V nn/1 V -, x 2(e -1) »9 U U N y d 11Q A rj,
enT°K ux = T V x) J6(x)/J6(»)
10 30 732 1.00
15 20 732 1.00
20 15 732 1.00
25 12 699 0.95
27.5 10.9 672 0.92
30 10 638 0.87
32.5 9.2 596 0.81
35 8.5 548 0.74
37.5 8 506 0.69
40 7.5 460 0.63
42.5 7 408 0.55
45 6.6 364 0.50
50 6 295 0.40
55 5.4 226 0.31
65 4.6 141 0.19
J6 (°°) - 732
- 6! , as assumed earlier in deriving the Raman relaxation rate.
(Table 5.2. has been taken from the "Tables of Transport Integrals, 
National Bureau of Standards, Circular No. 595, 1958").
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Using t h e s e  v a l u e s  o f  t h e  t r a n s p o r t  i n t e g r a l  J ^ (  {V t ) t h e  
ag reem en t  be tween  t h e  d a t a  and t h e  c a l c u l a t e d  Raman r a t e  i s  g r e a t l y  
improved a t  t e m p e r a t u r e s  above 25K, as  shown by th e  s o l i d  cu rve  i n
F i g u r e  5 . 2 .  For  0^ = 280K, t h e  ag reemen t  between  th e  d a t a  and t h e  
c a l c u l a t e d  Raman r a t e  a t  h ig h  t e m p e r a t u r e s  f u r t h e r  improves by a bou t  10%
For 0^ = 260K (and l e s s )  t h e  f i t  becomes worse f o r  low t e m p e r a t u r e s  and 
no o v e r a l l  improvement o c c u r s .  Thus ,  i n  s p i t e  o f  making c o r r e c t i o n s  f o r  t h e  
Debye t e m p e r a t u r e ,  t h e  d a t a  a t  h ig h  t e m p e r a t u r e  r em a ins  somewhat s m a l l e r  
t h a n  t h e  c a l c u l a t e d  Raman r a t e .  However,  a s  t h e  agreement  be tween  t h e  
d a t a  and t h e  c a l c u l a t e d  Raman r a t e s  i s  q u i t e  we l l  w i t h i n  an o r d e r  o f  
m a g n i tu d e ,  t h e  im p o r ta n c e  o f  t h e  Raman p r o c e s s  a t  h igh  t e m p e r a t u r e s  may 
n o t  be e n t i r e l y  r u l e d  o u t .
( I I )  I f  t h e  Orbach r e l a x a t i o n  be tween  t h e  ground d o u b l e t  t a k e s
1p l a c e  v i a  any one i n t e r m e d i a t e  e x c i t e d  s t a t e  o n l y ,  t h e  p l o t  o f  log  
v s .  ^  s hou ld  be a s t r a i g h t  l i n e  ( s e e  e x p r e s s i o n  4 - 5 5 ) ,  whereas  t h e  d a t a ,  
shown in  F ig u re  5 . 5 ,  a p p e a r s  more l i k e  a smooth cu rve  t h a n  a s t r a i g h t  
l i n e .  Th is  may i n d i c a t e  t h e  p a r t i c i p a t i o n  o f  more t h a n  one e x c i t e d  s t a t e  
in  t h e  Orbach r e l a x a t i o n  p r o c e s s .  The Orbach r a t e  e q u a t i o n  (4 -55)  g i v e s  
a r e a s o n a b l e  f i t  t o  t h e  d a t a  tow ards  t h e  low t e m p e r a t u r e  end f o r  t h e  v a l u e  
o f  a = 1.80 x 10 b u t  p r o g r e s s i v e l y  l a r g e r  r a t e s  ( t h a n  th e  d a t a )  a t  h igh  
t e m p e r a t u r e s .  One n o t e s  t h a t  t h e  c o n t r i b u t i o n  from t h e  l e v e l s  ijj,. and 
i s  v e r y  smal l  a t  low t e m p e r a t u r e s ,  b u t  makes t h e  f i t  worse a t  h i g h
t e m p e r a t u r e s .  I f  t h e  Orbach mechanism i s  t h e  dominant  one a t  t h e s e  t e m p e r a ­
t u r e s ,  i t  i n d i c a t e s  t h a t  the  l e v e l s  and ip^ make a s i g n i f i c a n t l y  s m a l l e r  
c o n t r i b u t i o n  to  Orbach r e l a x a t i o n  r a t e s  t h a n  e x p e c t e d  on th e  Debye model 
( e x p r e s s i o n  4 - 5 5 ) .  The e x p r e s s i o n  (4 -56)  g i v e s  a r e a s o n a b l y  good f i t  t o  
t h e  d a t a  f o r  r  = 0 . 1 8 ,  which s u g g e s t s  t h a t  t h e  phonon d e n s i t y  o f  s t a t e s  
a round  194 cm  ^ ( i . e .  t h e  ene rgy  o f  l e v e l s  i{j<_ and ip ^ )  would need t o  be
o n ly  about  20 p e r  c e n t  o f  t h a t  g iv e n  by t h e  Debye model i f  t h e  Orbach
1/
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Figure 5.3. Relaxation rate plotted against r^. The solid line
1 1 1
represents the calculated Orbach relaxation rate as described in
the text.
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mechanism is dominant. This is in agreement with the previously 
assumed form of the phonon spectrum of MgCO^.
The comparison of the calculated (expression 4-35) and 
experimentally obtained values of 'a' indicates that the calculated Orbach 
rate is about 2.5 times smaller than the observed rate. As the Orbach 
rate depends upon (B™)2, the agreement between the data and the calculated 
rates will be good if the dynamic crystal field parameters were about 1.6 
times larger than the presently estimated values. These estimations 
again may be inadequate as the model used for the orbit lattice interaction 
is a very approximate one.
(III) It appears that at low temperatures the data can be fitted 
to either the Raman or the Orbach relaxation mechanism, though they may 
require slightly different values of the dynamic crystal field parameters.
However, it should be noted that the Raman rate is more sensitive to the 
values of the dynamical crystal field parameters and the velocity of 
acoustic phonons than the Orbach rate, and suitable changes may make the 
two rates very similar. Apart from that, it may be emphasised again that 
the expression (4-35) gives the maximum limiting values of the Orbach 
rates which may be reduced if other relaxation paths are available.
(IV) In spite of the very simple model of the orbital-lattice interaction 
and the crude approximations used to estimate the various crystal field 
parameters (which are not known experimentally), this phenomenological
approach has reasonably explained the temperature dependence of the spin 
relaxation. Within these limitations it appears that Huang's model 
of the dynamic crystal field has considerably helped to improve the 
agreement between the data and the theory. The suggestion of Stedman and 
Newman J that Huang's model considerably overpredicts the relaxation 
rates,does not appear to be true for the present system Fe2+:MgC03.
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(V) I t  may be worth mentioning  t h a t  the r a t e  e q u a t io n s  a re  
i n s e n s i t i v e  to  small  changes in  the  s p i n - o r b i t  coup l ing  and the  t r i g o n a l  
f i e l d  s p l i t t i n g  p a r a m e te r s .  The r a t e  e q u a t io n s  remain almost  unchanged 
f o r  th e  s p i n - o r b i t  c oup l ing  pa ram e te r s  from -95 to  -103 cm and the 
t r i g o n a l  f i e l d  s p l i t t i n g  from 1200 to  1500 cm
5 .6 .  Concluding Remarks
The t r a n s i t i o n s  w i th i n  the  ground m u l t i p l e t  a re  al lowed
only by s p i n - o r b i t  mixing,  and i t  appea rs  t h a t  th e s e  t r a n s i t i o n s  a r e
mainly im por tan t  f o r  th e  s p i n - l a t t i c e  r e l a x a t i o n .  This  i s  in  c o n t r a s t
(92)to  C l a r k ' s  op in ion  (1968) t h a t  the  s p in - a l lo w e d  t r a n s i t i o n s  v i a  c r y s t a l
f i e l d  e x c i t e d  s t a t e s  a re  more im por tan t  in  the  r e l a x a t i o n  o f  Fe^+ .
I t  may appea r  t h a t  a t  h igh  t e m p e ra tu re s  th e  Orbach p ro c e s s  i s  
more im por tan t  than  the  Raman p ro c e s s  as th e  former g ives  a b e t t e r  f i t  to  
the  d a t a .  However, as th e  r e l a x a t i o n  r a t e s  c a l c u l a t e d  f o r  th e  two p r o c e s s e s  
a re  very s i m i l a r  w i th i n  an o r d e r  o f  magnitude,  the  r e l a t i v e  importance o f  
the  two p ro c e s s e s  cannot  be c o n c l u s i v e l y  d i s t i n g u i s h e d .  This  i s  p a r t i c u l a r l y  
so because  the  model o f  the  o r b i t - l a t t i c e  i n t e r a c t i o n  i s  a very  simple 
one and s e v e r a l  approx im at ions  have been used in  the  c a l c u l a t i o n .
However, the  p h y s i c a l  p i c t u r e ,  i n c lu d in g  the  approximate  
q u a n t i t a t i v e  c a l c u l a t i o n s , p r e s e n t e d  he re  does i n d i c a t e  t h a t  the  slow s p i n -  
r e l a x a t i o n  i s  a consequence o f  t h e  Fe^+ s i t e  s y m m e t r y ^ ^  . This  i s  s uppo r ted  
by the  o b s e r v a t i o n  o f  Sams and Tsin  ( 1 9 7 5 ) ^ ^ .  In a Fe^ + -system when 
the o r b i t a l  s i n g l e t  |(j)^  >  i s  the  ground s t a t e ,  the  ground s t a t e  remains 
a non-magnet ic s i n g l e t  a f t e r  s p i n - o r b i t  mixing.  At low
tem pera tu res  when only  the  ground s t a t e  i s  occup ied  t h e r e  i s  no magnet ic  
f i e l d  a t  the  nuc leus  (H = 0 ) ,  and hence th e  q u e s t i o n  o f  s p in  r e l a x a t i o n  
does no t  a r i s e  in the  Mössbauer s p e c t r a .
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5 . 7 .  Mössbauer O bservables
At 4.2K, the  o b s e rv a b le  p a r a m e te r s ,  l i k e  the  magnetic  h y p e r f in e  
f i e l d  and the  quadrupole  s p l i t t i n g ,  a re  de termined  by the  n a t u re  o f  th e  
deg en e ra te  ground s t a t e  wavefunc t ions  \p^  and \p ^  which a re  e x c l u s i v e l y  
occupied  a t  t h i s  t e m p e ra tu r e .
( i )  The 4.2K spec trum g iv e s  a t o t a l  h y p e r f in e  f i e l d  o f
±198 kOe . The h y p e r f in e  f i e l d  a t  the  Fe“ + nuc leus  i s  th e  sum o f
the  Fermi c o n t a c t  (H<0, the  o r b i t a l  (H^) and the d i p o l a r  (H^) magnetic
f i e l d s ,  as d e f in e d  in Chapter  1. For th e  d o ub le t  and \p ^  the  e x p e c t a t i o n
va lues  <  >  and <  >  only  a re  n o n -z e ro ,  and hence a l l  the  magnet ic
f i e l d s  a re  a l ig n e d  along  th e  z - d i r e c t i o n .  For \ p ^ ,  <  Sz >  = -1.981 and
<  L >  = -0 .981 ,  whereas f o r  ipn the  <  S >  and <  L >  have the  samez 2 z z
magnitude,  bu t  o p p o s i t e  s i g n .  Using the  e x p r e s s io n s  (1-4)  to  (1-6) o f  
Chapter  1 f o r  t 
wavefunct ion  ip
v a r io u s types o f  magnetic f i e l d s ,
Hc -0 .990 HSz c
H L z  =
-1 .962 Be <  r  3 > and
Hdz * -0.285 Be <  r " 3 > .
The va lue  o f  Hc f o r  th e  Fe2 + ion  in  F e C O ^ ^ ^  has been taken  as -500 kOe 
and the  same may be used he re  f o r  Fe2 + in  MgCO^. Freeman and 
W a t s o n ' s ^ ^ ^  u n r e s t r i c t e d  H ar t ree -F ock  c a l c u l a t i o n s  g ives  th e  e x p e c t a t i o n  
va lue  o f  <  r  3 >  f o r  f r e e  Fe2+(3d6 ) ion as 4 .5 5 ,  4.59 and 4 .93  a . u .  
s e p a r a t e l y  f o r  the  magnet ic  d i p o l e ,  o r b i t a l  and e l e c t r i c  quadrupole
_  T
i n t e r a c t i o n s  r e s p e c t i v e l y .  Using < r  >  = 4.92 a . u . ,  and thus
3e <  r  >  = 308.3 kOe, t h e  t o t a l  h y p e r f in e  f i e l d  becomes equal  to  ±198 kOe
f o r  the w avefunct ions  \p ^  and \p r e s p e c t i v e l y .
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T his  va lue  o f  <  r  >  i s  s u b s t a n t i a l l y  h ig h e r  than  
Freeman and W atson 's  v a lue  f o r  th e  m agnetic  i n t e r a c t i o n s .  However, th e  
v a lue  <  r  3 >  = 4 .78  a .u .  has  been taken  f o r  F e C O ^ * ^  to  account f o r  the  
observed  h y p e r f in e  f i e l d  o f  ±184 kOe from th e  s i m i l a r  ground d o u b le t  
(i|^ and . The h y p e r f in e  f i e l d  o f  11981 kOe f o r  Fe2 + in  MgCO^  i s  
a p p re c ia b ly  h ig h e r  than  i t s  v a lu e  in  FeCO^, which s u g g e s ts  l e s s  covalency
_ 7)
e f f e c t s  in  MgCO^and a somewhat l a r g e r  va lue  o f  <  r  >  . I t  may a l s o
su g g es t  d i f f e r e n t  c r y s t a l  f i e l d  p a ram e te rs  o r  a d i f f e r e n t  va lue  o f  Hc<
 ^ 2 + f 861
The values o f  < r  >  fo r  Fe in  compounds FeCO^ and MnCO  ^ J o f  sim i l a r  symmetry
have been found to  d i f f e r  c o n s id e r a b ly ,  which s u g g e s ts  t h a t  th e  covalency
e f f e c t s  may be very  s e n s i t i v e  to  th e  s p a t i a l  d i s t r i b u t i o n  o f  l ig a n d s .
I t  may be worth making a comment t h a t  Freeman and W atson 's
v a lu e  o f  <  r  >  f o r  th e  th r e e  ty p e s  o f  i n t e r a c t i o n s  happen to  be th e
_g
same w i th in  ±10% a c c u racy .  Moreover, the  va lue  o f  <  r  >  = 5 .1  a .u .  
f o r  th e  f r e e  Fe2 + io n ,  based  on th e  r e s t r i c t e d  H artree -F ock  c a l c u l a t i o n  
by Freeman and Watson, has  a l s o  been w idely  used  in  th e  l i t e r a t u r e  
to  e x p la in  e x p e r im e n ta l ly  observed  m agnetic  and quadrupo le  s p l i t t i n g s .
In th e  l i g h t  o f  the  above comments, i t  may n o t  be a p p r o p r ia te  to  p u t  much 
emphasis on th e  d i f f e r e n c e s  in  th e  v a lu e s  o f  <  r  >  f o r  th e se  th r e e  
d i f f e r e n t  i n t e r a c t i o n s .
( i i )  The e l e c t r i c  f i e l d  g r a d ie n t  <  V >  f o r  th e  ground d o u b le tz z
and a re  th e  same in  magnitude and s ig n .  The o p e ra to r  f o r  the  3d^,^D 
e l e c t r o n  in  Fe2+ i s  g iven by
V = - ^ - e < r 3 > [ 3 L 2 - L(L+1)] , where e i s  thezz 21 z
e l e c t r o n i c  ch a rg e .  Then <  V^  >  f o r  th e  ground d o u b le t  i s  g iven by
< V z z >  = < * i l Vz z K  > = < h ^ z z ^ 2 >  = ° - 279 e < r ~3 >  *
where e i s  now p o s i t i v e .  This  i n d i c a t e s  t h a t  th e  d o u b le t  and
_3
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produces the same positive quadrupole interaction, and furthermore r| = 0 
for this doublet as
< ILx‘ S- > < '*,2|Lx - Ly 1^ 2 > 0 .
The experimentally observed positive quadrupole splitting for Fe2 + in 
MgCO^ confirms the fact that the orbital doublet (j> + ^ is the ground state, 
as ^  and \p^ consists mostly of and <j)  ^ respectively. The same result 
has been obtained for F e C O ^ ^ .
It is to be noted that if ip^  and ip be made of entirely (f>^ and 
c{)_1 respectively, then <  V^  >  = y e <  r”3 >  = 0.285 e <  r”3 >  , which
is the maximum positive value of e.f.g. for this doublet. Thus the e.f.g. 
from the doublet ip^ and ip^ approaches almost the maximum positive value. 
Therefore, the quadrupole splitting (from the doublet ip^ and \p^ ) at 4.2K 
is almost the maximum positive value that can be expected in ferrous 
compounds with the orbital doublet 4> as the ground state.
At 4.2K, the quadrupole splitting of 2.02 mm/sec. is exclusively 
due to the ground doublet ip^  and ip^ . The quadrupole splitting, AE^, 
is given by
eQv„ (l-R)Q 2
where R is the Sternheimer factor, and its value has been reported to be
in the range of 0.22 to 0.32(25,47,
aeq
= 2.02 mm/sec. (=
V = 0.279 e <  r'3 >zz
<  r"3 > = 4.92 a.u., and
.-20
.-10
0.30, as a representative value,
one obtains
-24 20.206 x 10 cm 0.206 barn.
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57This va lue  o f  th e  e l e c t r i c  quadrupole  moment o f  Fe i s  well  w i th i n  the  
range o f  0 .18  to  0.29  barn  r e p o r t e d  f o r  v a r io u s  f e r r o u s  compounds 
The c o n t r i b u t i o n  to  the  e l e c t r i c  f i e l d  g r a d i e n t  due to  l a t t i c e  charges  
i s  u s u a l l y  very small and may n o t  change th e  above va lue  by more than
± 10%.
The quadrupole  s p l i t t i n g s  o f  Fe^+ in  MgCO^  and FeCO^*0  ^ a t  
4.2K a re  almos t  i d e n t i c a l ,  which su g g e s t s  very  s i m i l a r  i o n i c  ground s t a t e s  
in  both  the  compounds.
F i n a l l y ,  i t  may be concluded t h a t  the  assumed energy l e v e l  
scheme f o r  Fe^ in MgCO^  has been rea s o n a b ly  s u c c e s s f u l  in  e x p l a in in g  
i t s  s p i n - l a t t i c e  r e l a x a t i o n  b eh av io u r  as w el l  as the Müssbauer p r o p e r t i e s  a t  
low te m p e ra tu r e s .
5 . 8 .  Temperature Dependence o f  Quadrupole S p l i t t i n g
The observed  quadrupole  s p l i t t i n g  (AE^) ° f  the  f e r r o u s  ion in  
MgCO  ^ d e c re a s e s  with  i n c r e a s e  i n  t e m p e r a t u r e ,  and almost  l i n e a r l y  between 
77K and 295K (see  Table 5 . 2 .  and Figure  5 . 4 ) .  As the  c o n t r i b u t i o n  t o  
the  e l e c t r i c  f i e l d  g r a d i e n t  from l a t t i c e  charges  i s  u s u a l l y  very  small 
compared to  t h a t  from the  v a l e n c e - e l e c t r o n ,  t h e  small  v a r i a t i o n s  o f  the  
former due to  l a t t i c e  expansion a t  h ig h e r  t e m p e ra tu r e s  may be n e g l e c t e d .
In e f f e c t ,  th e  l a t t i c e  c o n t r i b u t i o n  t o  the  e l e c t r i c  f i e l d  g r a d i e n t  may be 
assumed to  be t e m p era tu re  independen t  ( i . e .  c o n s t a n t ) ,  and then the 
observed  te m pera tu re -dependence  o f  th e  quadrupole  s p l i t t i n g  w i l l  be mainly  
due to  the  t e m p e ra tu re -d ep en d en t  o r b i t a l - c o n t r i b u t i o n  to  th e  e l e c t r i c  
f i e l d  g r a d i e n t .
I t  may be no ted  t h a t
<  ‘h i  h z z l <t’ ± i  >  =  y  e <  r  3 >  , and
< *ol Vz z ' * 0 >  * 4 e < r ' 3 >  '
where e i s  now p o s i t i v e  and n = 0 in  each c a s e .  As the  te m p era tu re
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Figure 5.4 
2 +
Temperature dependence of the quadrupole splitting (AE^) of
Fe~ in MgCO^. The data points have been joined by the broken straight 
line to show their linear dependence.
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increases the higher energy ionic states are significantly occupied and 
the net electric field gradient at the nucleus will be given by the
thermal average of the electric field gradients from individual ionic
i • (25) states, that is
< V > zz av
V ^  -E./kTL <  V >. e i, ZZ 1
1 = 1
is -E./kT D e i
i = l
in the limit of fast spin relaxation. At higher temperatures the ionic 
states to , which are mainly made of <f> , are increasingly occupied 
and this reduces the net value of the electric field gradient at the 
nucleus, and consequently the quadrupole splitting drops off with 
increasing temperature. The observed and the calculated (using the
_3
values of Q, R and < r > mentioned earlier) values of the quadrupole 
splitting of Fe" at different temperatures are given below in Table 5.3.
Table 5.3.
T°K AEq mm/sec. observed
AEq mm/sec. 
calculated
4.2 2.02 2.02
77 2.01 2.01
100 1.99 2.01
150 1.95 2.01
200 1.90 2.01
250 1.85 2.01
295 1.80 2.01
The experimentally measured values are correct within ±0.01 mm/sec.
This observed temperature dependence of the quadrupole splitting of Fe^+ 
in MgCO^ is very similar to that observed in FeCO^(10»107) over
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temperature range 77K to 295K.
Thus the proposed static crystal field energy level scheme 
of Fe2+ in MgCO^ (and in general for A/A >  1 0 where A is the trigonal 
field splitting) leaves the quadrupole splitting almost unchanged from 
77 to 295K.
The observed drop of the quadrupole splitting at higher 
temperatures may be due to the following reasons:
(i) The trigonal field splitting may decrease considerably with 
increasing temperature, which may be expected due to lattice expansion 
at higher temperatures.
(ii) The value of <  r >  for the 3d-electrons may decrease 
gradually with increasing temperature. Such an effect has been reported 
for Cu2+ (3d^, “D) in NH^Cl between 4.2K and 453K, from studies of its 
EPR s p e c t r a . However, the radial expansion of T ^  and contraction 
of E 3d electrons, as suggested by Hazony^^'* for ferrous ions in 
various compounds, may balance each other and the isomer shift values 
would not be affected. Thus the variation of isomer shift of Fe2+ with 
temperature (Figure 4.4) may be regarded as mainly due to the second order 
Doppler effect.
(iii) A mixing between the ground doublet <j>+1 ( E ) and the singlet
^0 (^ig) can Pr°duce the observed effect, if the amount of mixing increases
linearly with temperature. The vibronic interactions may be responsible
for such a mixing^^^ which can increase with temperature. It is the
E mode of lattice vibrations which can produce the mixing between <J>+1 8 —
and states.
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CHAPTER 6 .
E le c tro n ic  Spin R elaxation o f  Fe^+ ions in Rhombohedral 
Calcium Carbonate (CaCOa) and Cadmium Carbonate (CdC03 )
The slow spin r e la x a t io n  o f  ferrous ions in magnesium carbonate  
i s  the consequence o f  t h e ir  t r ig o n a l ly  symmetric s i t e s  and hence other  
rhombohedral carbonates, such as CaCÜ3 and CdC0 3 , may be s u i ta b le  for  
s im ila r  ob serva tion s .
6 .1 .  Crystal P roperties
The calcium and cadmium carbonates are two other rhombohedral 
carbonates with c a l c i t e - t y p e  c r y s ta l  s tr u c tu r e .  The d iv a le n t  Ca  ^ and 
Cd"+ metal ions occupy the s i t e s  o f  tr ig o n a l  symmetry, and the symmetry- 
ax is  l i e s  along the <  111 >  d ir e c t io n  o f  the metal-oxygen octahedron. 
CaC03 and CdCÜ3 are isomorphous with MgCÜ3, whose s tru ctu re  was described  
in Chapter 4.
( 13)The un it  c e l l  parameters o f  the re levan t carbonates are :
a c c /a a
CaCÜ3 4.990 X 17.061 X 3.419 4 6 °6 '
CdC03 4.920 X 16.298 X 3.312 4 7° 19
FeCO 3 4.626 X 15.288 X 3.304 47°45
For small co n cen tra t io n s ,  the d iv a le n t  Fe ions are expected to en ter
2+ 2 +in to  tr ig o n a l  s i t e s  s u b s t i tu t in g  for  the d iv a le n t  Ca and Cd ions in  
the two carbonates. The s u b s t i tu t io n  o f  Fe^+ for Ca^+ in c a l c i t e  (CaC03) 
i s  f a i r l y  common and in natural samples 5 to  10 mol. percent o f  FeCO3 
i s  k n o w n . At high pressures  o f  C02 and high temperatures the 
s o l u b i l i t y  o f  FeCC>3 in  CaCÜ3 fu rth er  i n c r e a s e s ^ ^  . S im ilar  behaviour  
may be expected for  CdC03.
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6 . 2 .  Mössbauer S p e c t r a  o f  Fe^+ :CaCQ3 and Fe^+ :CdC0 3  and t h e i r  I n t e r p r e t a t i o n
The Mössbauer s p e c t r a  o f  h y d ro th e rm a l ly  p r e p a re d  powdered 
4% Fe^+ :CaC0 3  and 4% Fe^+ :CdC0 3  a t  4.2K a r e  shown in F igures  6 .1  and 6 .2  
r e s p e c t i v e l y .  The small  e x t e r n a l  magnetic  f i e l d s  up to  1 kOe were p r o ­
duced (on the  sample) by an e l e c t ro m a g n e t  and the  h i g h e r  f i e l d s  up t o  
20 kOe by a s u p e rco n d u c t in g  magnet .  The d i r e c t i o n  o f  the a p p l i e d  f i e l d  
was always p e r p e n d i c u l a r  t o  th e  d i r e c t i o n  o f  the  y - r a y  beam. In the  
absence o f  any e x t e r n a l  magnetic  f i e l d  the  4.2K spectrum from each sample 
shows only a symmetr ica l  quadrupo le  d o u b le t  with  narrow l i n e s .  At 4.2K 
a symmetr ica l  quadrupole  d o u b le t  from the  Fe^+ ions  can be o b ta in ed  
p r o v i d e d :
( i )  the  sp in  r e l a x a t i o n  i s  f a s t  when the  i o n i c  ground s t a t e  
i s  magne t ic ,  o r
( i i )  the  i o n i c  ground s t a t e  i s  non-magne tic  ( i . e .  the 
e f f e c t i v e  magnetic f i e l d  a t  the  Fe^+-nuc leus  i s  i d e n t i c a l l y  zero) and 
th e  q u e s t i o n  o f  magnet ic  i n t e r a c t i o n  and r e l a x a t i o n  e f f e c t s  on the  
Mtfssbauer s p e c t r a  does n o t  a r i s e .
The quadrupole  d o u b le t  a t  4.2K becomes broadened and s i g n i f i ­
c a n t l y  asymmetric when a smal l  magnet ic  f i e l d  o f  th e  o r d e r  o f  only  
0 .50  kOe i s  a p p l i e d  and t h i s  t r e n d  c o n t in u es  f o r  h ig h e r  f i e l d s .  For an 
e x t e r n a l  f i e l d  o f  about  5 kOe a magnetic  h y p e r f in e  s p e c t r u m , s i m i l a r  to  
t h a t  observed  f o r  5% Fe^+ :MgC03, appears  t o  be emerging,  and f i n a l l y  
becomes well  r e s o l v e d  f o r  a f i e l d  o f  about  10 kOe and more. The two 
samples c o n ta in  some f e r r i c  (Fe^+) im p u r i ty  which g ives  smal l  a b s o r p t i o n s  
around -4 .6  mm/sec. and +5.0 mm/sec. ( i n d i c a t e d  by arrows in  the d ia g ra m s ) .  
The i n t e n s i t y  o f  the  two i n n e r  f e r r i c  peaks  which can o v e r la p  wi th  t h e
main Fe^+ spectrum w i l l  be only h a l f  (and more l i k e l y  ——) o f  t h a t  o f
4
the two o u t e r  peaks ( i n d i c a t e d  by arrows) and i t  w i l l  h a r d ly  produce 
any s i g n i f i c a n t  o b s e rv a b le  change in the  main f e a t u r e s  o f  the  f e r r o u s
spect rum.
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Figure  6 . 1 .  Mössbauer s p e c t r a  o f  powdered 4% Fe2+:CaCOj with  a p p l i e d  magne t ic  f i e l d  
o f  (a) 0 Oe, (b) 1 kOe, (c) 2 kOe, (d) 5 kOe, (e) 10 kOe, and ( f )  20 kOe. The 
f e r r i c  im p u r i ty  peaks a re  shown by a r row s .  The sample t h i c k n e s s  i s  about  1.4 mg/cm2 
o f  n a t u r a l  i r o n .  The number o f  counts  p e r  channel  i s  about  3 m i l l i o n .
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Figure  6 . 2 .  Mössbauer s p e c t r a  o f  powdered 4% Fe + :CdCO^ with  a p p l i e d  magnet ic  f i e l d  
o f  (a)  0 Oe, (b) 0 .50  kOe, (c) 1 kOe, (d) 2 kOe, (e)  5 kOe and ( f )  10 kOe. The f e r r i c  
im p u r i ty  peaks a re  shown by a r row s .  The sample t h i c k n e s s  i s  0.40  mg/cm^ o f  n a t u r a l  
i r o n .  The number o f  counts  p e r  channel  i s  about 5 mi l l i o n .
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The f ie ld -depend en t fea tu res  o f  the sp ectra  in d ic a te  th a t  the  
Fe2 + ions have a range o f  slow spin r e la x a t io n  ra tes  (in  the presence o f  
ex ter n a l magnetic f i e l d s )  which become p r o g r e s s iv e ly  sm aller  for  h igher  
magnetic f i e l d s .  At a f i e l d  o f  about 10 kOe the spin r e la x a t io n  rate  
becomes slow enough to allow  the appearance o f  the magnetic hyperfine  
spectrum from the paramagnetic Fe2 + io n s .  The io n ic  ground s t a t e s  which 
can exp la in  these  observed r e la x a t io n  fea tu res  o f  the sp ectra  w i l l  be 
given in the fo llo w in g  s e c t io n s .
The zero f i e l d  spectrum o f  Fe2+ :CaC03 at 4.2K g ives  a quadrupole
s p l i t t i n g  o f  2 .0 3  mm/sec. and an isomer s h i f t  o f  1.40 mm/sec. The va lues
2+ 2 +  o f  these observables for  Fe :CdC03 are almost the same as for  Fe :CaC0 3 .
The magnetic hyperfine spectrum o f  Fe2+:MgC03 at 4.2K g ives  a quadrupole
s p l i t t i n g  o f  2 .02 mm/sec. and an isomer s h i f t  o f  1.35 mm/sec. (see
Chapters 4 and 5 ) ,  and i t  appears that these  three carbonates have very
s im i la r  c r y s ta l  f i e l d  ground s t a t e s .
I t  may be noted that the nature o f  the asymmetry o f  the quadrupole 
peaks i t s e l f  in d ic a te s  th a t  the quadrupole in te r a c t io n  i s  p o s i t i v e .
Blume1 has shown that in  the presence o f  magnetic r e la x a t io n  the 
quadrupole peak a r i s in g  from the nuclear t r a n s i t io n s  | 3/ 2, ±3/ 2 >  -*■
|V 2 ,± V 2  >  broadens more rap id ly  than the peak a r i s in g  from the tr a n ­
s i t i o n s  I 3/ 2, ±1/2  > +  | 1/ 2 , ± 1/2  >  and | 3/ 2 , ±1/2  >  + | 1/ 2 ,  + 1/2  >  . In 
the presen t sp ectra  the rap id ly  broadening quadrupole peak f a l l s  on the  
higher energy s id e  which in d ic a te s  that the quadrupole in te r a c t io n  i s  
p o s i t i v e ,  i . e .  e 2qQ > 0.
The magnitude and the s ign  o f  the quadrupole in te r a c t io n  o f  
Fe2 ions in these carbonates in d ic a te  that the o r b ita l  doublet 4>+  ^ i s  
the ground s t a t e ,  which i s  a ls o  true for  Fe2+:MgC03 and FeC03. This 
assumes that the Fe s i t e  symmetry i s  s im ila r  to th a t  in FeZ+:MgC03 .
137 .
6 .3  Ground E igenstates o f  Fe^+ in CaCÜ3 and CdCÜ3 and t h e ir  
R elaxation Behaviour_______________________________________
The observed spin r e la x a t io n  behaviour o f  Fe^+ ions in CaCÜ3 and 
CdC03 can be exp la ined  i f  one assumes a small orthorhombic c r y s ta l  f i e l d  
p o te n t ia l  ( «  s p in -o r b it  in te r a c t io n )  for  the ferrous io n s ,  which may 
be trea ted  as a perturbation  (to  the dominant tr ig o n a l  c r y s ta l  f i e l d  
p o te n t ia l  and s p in -o r b it  in t e r a c t io n ) .
The tr ig o n a l  f i e l d  s p l i t t i n g  and s p in -o r b it  coupling parameter (X) 
for  Fe  ^ in CaC03 and CdCÜ3 may be assumed to be s im ila r  to  those in  
MgC03 and FeC03. Therefore, the ground doublet o f  Fe^+ in CaC03 and 
CdCÜ3 , under the e f f e c t s  o f  the tr ig o n a l  c r y s ta l  f i e l d  and the s p in -o r b it  
coupling on ly ,  can be taken to  be i and ip 2 - already obtained for  Fe^ + 
in MgCÜ3 (chapter 4 ) .  Then the furth er  e f f e c t  o f  perturbation  by the 
orthorhombic component o f  the c r y s ta l  f i e l d  and e l e c t r o n ic  Zeeman i n t e r ­
a c t io n  on th is  ground doublet (^ 1 ,^ 2 ) w i l l  be considered .
For the sake o f  convenience the w avefunctions i p i  and i|i2 are 
reproduced here from the Table 4 .1 :
i p2 = 0.993|<()_1,2 >  -  0.089|(f>Q, l  >  + 0.073|4>1,0  >  , and
4>1 = 0 . 9 9 3 1 ^ , - 2  > -  O.O89|(j)0 , - l  > +  0 . 0 7 3 1 1,0 >  . (6-1)
Now the orthorhombic c r y s ta l  f i e l d  p o t e n t ia l ,  , may be given by^86a^
rhom A 2<  r1 n >  y 2(e,<ton
where the terms have the usual meaning. Taking in to  account only the  
second-order term (n=2) and using  S tevens' eq u iva len t  operator, one may 
w rite
rhom 0 2(L) ( 6 - 2 )
where 0 2 (L) i s  the o r b i ta l  angular momentum operator whose form has been 
given by O rbach^^  , and determines the magnitude o f  the orthorhombic 
s p l i t t i n g .
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6 . 3 . 1  S p e c t r a  Without E x te rn a l  Magnetic F i e l d
2
I t  may be no ted  t h a t  the  o r b i t a l  o p e r a t o r  0 2 (_L) can have non­
zero m a t r ix  e lements  on ly  between the  components hav ing  i d e n t i c a l  sp in  
p a r t s .  Then one g e t s ,
<  K>,|0j(L) |4-i >  = o,
<  1^ 2 | o |  CL) |<|)2 >  = 0, and
<  * i |B *0(L)  1*2 >  = B2(0.073) 2 <  d)_x
= 0.533 x 10"2 B2
[ where <  <J> j 10^ 14> i >  = 1. ]
,0|02|<t>i,0 >  ,
(6-3)
Consequen t ly ,  the  degeneracy  o f  th e  doub le t  (ipi,ip2 ) i s  removed due to  a 
p e r t u r b i n g  or thorhombic  c r y s t a l  f i e l d  p o t e n t i a l ,  and th e  new e i g e n s t a t e s  
a re  given  by
^2 = t ^ i +^2 ] ,
^  = 4= I ^ 1-^ 2 1 >
E T2  = ±0.533 x 10 2 ,
= +0.533 x 10"2 B2 ,
(6-4)
where th e  l a b e l  ' r* symboli ses  the  rhombic p e r t u r b a t i o n .  For any va lue  
2
o f  B2 the two new e i g e n s t a t e s  a re  composed o f  an equal  mixtu re  o f  \ f j i and 
1^2, and consequen t ly  a re  n o n -m a g n e t i c . This  i s  because  and \ l>2 
i n d i v i d u a l l y  produce equal  b u t  o p p o s i t e  magnet ic f i e l d s  a t  the  nuc leus  
(see s e c t i o n  5 . 7 ) .  This  e x p l a i n s  the  absence o f  any magnet ic  r e l a x a t i o n  
e f f e c t  in the  4.2K s p e c t r a  o f  Fe^+ :CaC0 3  and Fe^+ :CdCC>3 in  the  absence 
o f  any e x t e r n a l  magnetic f i e l d .  I t  may be no ted  t h a t  a p a r t  from the  
va lue  o f  B| the  energy s e p a r a t i o n  between and \ p 2 w i l l  a l s o  depend upon 
the  t r i g o n a l  f i e l d  s p l i t t i n g  (between 4>+iand (j)Q) which e f f e c t i v e l y  d e t e r ­
mines the  mixing o f  |<J)+1,0 >  i n t o  the  d o u b le t  \ p i  and i p 2 - Obvious ly ,  f o r
x*
a s m a l l e r  t r i g o n a l  f i e l d  s p l i t t i n g  the  energy  s e p a r a t i o n  between and 
r
<P2  w i l l  be g r e a t e r .
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6 . 3 . 2  S p e c t r a  w ith  E x te rn a l  Magnetic F ie ld s
Now the  e f f e c t  o f  an e x t e r n a l  magnet ic f i e l d  w i l l  be examined.  
When a magnet ic f i e l d  H i s  p r e s e n t  the  p e r t u r b i n g  H am i l ton ian ,  a c t i n g
upon the doublet (^1,^2) becomes
K = B ^ ( L )  + ß (L+2S) H ,p e
where th e  second term i s  t h e  u s u a l  Zeeman i n t e r a c t i o n ^ ' 110'* ( B  = Bohre
magneton = 0.04668 cm V k O e ) . I t  has  a l r e a d y  been seen  t h a t
< L >  = < L >  = < S > = < S >  = 0 f o r  the  e i g e n s t a t e s  ip 1x y x y & T
and 1P2  • Fur therm ore ,  s i n c e
<  ib. I L U .  >  = ^  ib. I L Iib• ^  = 0 , and
1 1 x 1 j 1 1 y  ' j
< i p . |s 141. > = < ib. Is U. > = 0,1 1 x 1 j 1 1 y 1 j
where i , j  = 1,2 w i th  i  ^  j ; on ly  th e  z-component o f  th e  Zeeman i n t e r ­
a c t i o n  needs to  be c o n s id e r e d .  This  makes
(6-5)
*p ■ B & ( L )  ♦ ße (Lz+2Sz)Hz ,
which g ives  the  fo l lo w in g  m a t r ix  e lements
1^2 ^  |^1  ^
\\\)2 >
U l  >
4 .943  B H e z
0.544  x 10_2B2
~ 2 n 20.533 x 10 B
-4 .943 B H e z
(6 - 6)
(6-7)
The d i a g o n a l i s a t i o n  o f  t h e  m a t r ix  (6-7) g ives  th e  two new e i g e n s t a t e s
ib2 and ib 1 w ith  e n e r g i e s  E2 and E[ r e s p e c t i v e l y ,  which may be w r i t t e n  a s ^ ^
^ 2 = a\p2 + bibj , E 2
= bi^2 -  a ip i  , E l
+ Y2 > and
(6-8a)
where
1 4 0 .
and
X = 4.943 ß H , e z
Y = 0.533 x 10"2
2 1 X+
1 2 / x2+Y2
b 2 = 1 X
2 2*/X2+Y2
11
CMXi+ 1 .
(6-8b)
At t h i s  s t a g e  some num er ica l  va lue  o f  |B2 1 may be assumed to  de te rmine  
the  e i g e n f u n c t i o n s  and e i g e n v a l u e s .  However, one i s  mainly i n t e r e s t e d  
in  knowing how th e s e  e i g e n s t a t e s ,  and c o n sequen t ly  the  sp in  r e l a x a t i o n  
b eh a v io u r ,  o f  the f e r r o u s  ion  depend on the  a p p l i e d  magnet ic  f i e l d .  The
c o e f f i c i e n t s  a 2 and b 2 depend on the  r a t i o  * / y on ly ,  and hence t h e i r
Hz (kOe) ,
v a r i a t i o n  with  ---------—  can e a s i l y  be o b ta in e d .  The v a r i a t i o n  o f  a w i th
B2 (cm )
H^(k0e) /B2(cm ) has been shown in  Figure 6 . 3 .  I t  appears  t h a t  when
H^(kOe)/B2 (cm ) -  0 .20  ( o r  more) th e  c o e f f i c i e n t  a approaches  almost  
u n i t y ,  so t h a t  ^ 2  and a re  composed mainly  o f  i|j 2 and i p i  r e s p e c t i v e l y .
The energy s e p a r a t i o n  AE = 2 v /X 2 + Y z between th e  e i g e n s t a t e s  y\>\
f
and ipi as a f u n c t i o n  o f  Hz (kOe) has  been p l o t t e d  in F igure 6 .4  f o r  a 
range  o f  B2(cm *). I t  i s  a p p a re n t  t h a t  f o r  a p p l i e d  f i e l d s  above about  
5kOe the  energy s e p a r a t i o n  (AE) i s  de te rmined  almost  by the  Zeeman i n t e r ­
a c t i o n  p a r t .
2 +
Now the  e f f e c t i v e  magnetic  f i e l d ,  <  >  » , produced by ip 2 a t
th e  Fe nuc leus  i s  g iven by
<  Hz ip 2 a 2 <  H >,  + b 2 <  H >z ipL
( b 2- a * ) | < Äz > | | i l
z V
(6-9a)
-r " f
where <  and <  a re  the  e f f e c t i v e  magnet ic  f i e l d s  produced
by \p 2 and 1^1 r e s p e c t i v e l y  and <  H >
Z 1(^ 2
S i m i l a r l y ,
- <  H >  .z ^
to x <Hz)
gure 6 . 3 .  The curve r e p r e s e n t s  the  v a r i a t i o n  o f  a 
e f f e c t i v e  magnet ic f i e l d  a t  the  Fe^+ n uc leus  in  th' 
can be o b ta in ed  from the r e l a t i o n  a^ + b = 1 .
AE (cm ')
10cm
HzXkOe)
Figure  6 . 4 .  The e n e r g y ^ s e p a r a t i o n  (&E) between the  s t a t e s  i |n'  and \p£ as a f u n c t io n  
o f  the  a p p l i e d  f i e l d  (Hz) has  been shown fo r  two va lues  o f  the  p a ra m e te r  ß | .  These 
va lues  may be expec ted  to  r e p r e s e n t  the  o rd e r  o f  B2 . The d o t t e d  l i n e  r e p r e s e n t s  
AF i n  H i p  l i m i t  R2 -  0
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< H z >v  = ( a 2-b2) | < H z >,(ji . (6-9b)
Assuming th a t  <  >  = 198 kOe i s  s t i l l  true fo r  Fe^+ in CaC0 3  and CdC0 3
(as in MgCÜ3 ) one obtains
I < H Z > ,^,1 = l< H z = 198 (a 2-b 2) kOe . (6-9(0
Thus the e ig e n s ta te s  \l>'2 and w i l l  produce equal but opposite  e f f e c t i v e  
magnetic f i e l d s  at the Fe2 + nucleus along the symmetry a x is  ( i . e .  z -a x is )  
when a ^  b ( i . e .  when the applied  f i e l d  i s  n o n -z e r o ) , and the e f f e c t  
o f  sp in  r e la x a t io n  between th ese  two s t a t e s  can again be observed on the  
Mtfssbauer s p ec tra .  The magnitude o f  the e f f e c t i v e  f i e l d s  at the Fe2 + 
nucleus as a fun ction  o f  Hz (kOe)/B 2 (cm ) has been shown in Figure 6 . 3 .
I t  i s  again obvious th a t  when the r a t io  Hz (kOe)/BKcm ) -  0. 20  
(or more) the magnetic f i e l d  at the Fe2 + nucleus approaches the sa tu ra t io n  
value ( i . e .  maximum p o s s ib le  value) which i s  equal to  the f i e l d  produced 
by the wavefunction ip 1 or - As the quadrupole in te r a c t io n  for both  
the s t a t e s  \p2 and ipl are the same, a s in g le  s i x - l i n e  magnetic hyperfine  
spectrum can be observed from the s low ly  re la x in g  Fe2 + ion .
6 . 3 . 3  Field-Dependence o f  Spin R elaxation
The Müssbauer sp ec tra  in d ic a te  that the spin r e la x a t io n  rate
slows down very s tro n g ly  as the app lied  magnetic f i e l d  in creases  up to 5 kOe.
For an ev e n -e le c tr o n  system (Fe2+,3d^) the s p i n - l a t t i c e  re la x a t io n
(14)rate  i s  not expected to be s tr o n g ly  f ie ld -depend en t . However, for  the  
e ig e n s ta te s  and one obtains
<  >  = 0 , <  >  = 0 ; but
< 4 < ! |S z |i|»J >  *  0 and < i|> ; |L z | ^ >  *  0 .
This in d ic a te s  that the s p in -sp in  r e la x a t io n  between the ground s t a t e s  
i s  now p o s s ib l e .  The s p in -sp in  r e la x a t io n  induced by the S z~term has
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been p o s s i b l e  because  o f  mixing o f  sp in  s t a t e s ,  while  f o r  pure sp in  s t a t e s  
the  s p i n - s p i n  r e l a x a t i o n  occurs  v i a  the  u sua l  S+ terms (as d i s c u s s e d  in 
Chapter  1) .
The s p i n - s p i n  r e l a x a t i o n  r a t e may be r e p r e s e n t e d  by
ss
OC < > n l s 7h ;  >1
-AE/kTe
" -AE/kT 1 + e
( 6 - 10)
where | AE | i s  the  energy s e p a r a t i o n  between 4^ 2 and 4^» and the  p r o p o r t i o n a l i t y  
c o n s t a n t  depends on the  d i s t r i b u t i o n  (and c o n c e n t r a t i o n )  o f  the  Fe^+ ions  
in the l a t t i c e .  For th e  form o f  e i g e n f u n c t i o n s  41\ and 4^  given by th e  
e x p r e s s io n  (6-8a)  one o b t a in s  in  g e n e ra l  t h a t
“ [ab  <  >  - ab <  >i x
„ _ -AE/kT
1 + e -AE/kT
4 -AE/kT
« [ 3.943ab) x —
1 + e -AE/kT *
( 6 - 11)
where < 4 ' 1 |S z |4'1 >  = - < 4 ’2 |S z |4'2 >  = 1.9715.  The p roduc t  ab i s
maximum f o r  a = b = ( i . e .  f o r  zero a p p l i e d  f i e l d )  and i t s  va lue
d e c re a se s  w i th  i n c r e a s i n g  a p p l i e d  f i e l d  (F igure  6 . 3 ) .  Thus i t  appea rs  
t h a t  as the  a p p l i e d  magnet ic  f i e l d  i n c r e a s e s  up t o  5 kOe, the  s p i n - s p i n  
r e l a x a t i o n  r a t e  d e c r e a se s  q u i t e  r a p i d l y  (a) mainly due to  a s m a l l e r  
t r a n s i t i o n  p r o b a b i l i t y  between the  e i g e n f u n c t i o n s  4^ and \p2 and (b) t o  
some e x t e n t  due to  the  s m a l l e r  va lue  o f  th e  Boltzmann p o p u la t i o n  f a c t o r .  
This  e x p l a in s  the  observed  s lowing down o f  the  sp in  r e l a x a t i o n  o f  Fe^+ 
ions  f o r  i n c r e a s i n g  a p p l i e d  magnetic  f i e l d s  below 5kOe.
However, f o r  a p p l i e d  magnet ic  f i e l d s  above 5 kOe the  s p i n - s p i n
r e l a x a t i o n  r a t e  d e c r e a se s  mainly  due to  the  reduced Boltzmann p o p u la t i o n  
f a c t o r  ( e x p re s s io n  6-11) as the  e i g e n f u n c t i o n s  4’’1 and 4*2 a re  l i k e l y  t o  
become s t a b i l i z e d  to  keep the  t r a n s i t i o n  p r o b a b i l i t y  very  much the  same.
1 4 4 .
For an a p p l i e d  f i e l d  o f  about  10 kOe o r  more the l e v e l  ip^  i s  s u b s t a n t i a l l y  
depopu la ted  and th e  s p i n - s p i n  r e l a x a t i o n  becomes almost  u n im p o r tan t .
Another im p o r tan t  f a c t o r  t h a t  could  s i g n i f i c a n t l y  a f f e c t  th e  
shape o f  the quadrupole  peaks from a r e l a x i n g  f e r r o u s  ion i s  the  magnitude 
o f  the e f f e c t i v e  magnetic  f i e l d  a t  i t s  n u c l e u s .  Blume and T j o n ' s ^ ^ ^  
r e l a x a t i o n  model i n d i c a t e s  t h a t  d i f f e r e n t  va lues  o f  the  magnetic  f i e l d  
a t  the  Fe^+-nuc leus  cou ld  produce  s i g n i f i c a n t l y  d i f f e r e n t  Mössbauer l i n e  
s hapes ,  even i f  th e  r a t e  o f  the  magnet ic  r e l a x a t i o n  remains the  same, 
because the  r e l a x a t i o n  e f f e c t s  depend on the  r e l a x a t i o n  r a t e  r e l a t i v e  to  
the  Larmor p r e c e s s i o n  f requency  o f  the n u c l e u s .  For a h ig h e r  va lue  o f  
the  magnet ic  f i e l d  the  quadrupole  peaks broaden  more r a p i d l y  and the  
magnet ic  h y p e r f in e  spec trum develops  more q u i c k ly .  This  e f f e c t  a l s o  
h e lp s  to  develop th e  magnetic  h y p e r f in e  spec trum from the  r e l a x i n g  f e r r o u s  
i o n ,  because  as the a p p l i e d  f i e l d  p r o g r e s s i v e l y  i n c r e a s e s  up to  5 kOe 
the  e f f e c t i v e  f i e l d  a t  th e  nuc leus  a l s o  i n c r e a s e s  in magnitude.  For 
a p p l i e d  f i e l d s  g r e a t e r  than  5 kOe th e  e f f e c t i v e  f i e l d  a t  the  Fe^+-nuc leus  
approaches  the maximum va lue  and th e  Mössbauer l i n e  shape depends s o l e l y  
on th e  s p in  r e l a x a t i o n  r a t e .
I t  may be no ted  t h a t  f o r  a p o l y c r y s t a l l i n e  (o r  powdered) sample 
the  e x t e r n a l  magnet ic  f i e l d  a c t s  a t  a l l  p o s s i b l e  o r i e n t a t i o n s  with  r e s p e c t  
to  the  symmetry a x i s  ( i . e .  z - a x i s )  o f  the  c r y s t a l ,  and t h i s  g r e a t l y  reduces  
the  e f f e c t i v e n e s s  o f  the  f i e l d  in  p roduc ing  a Zeeman energy s e p a r a t i o n  
between th e  ground s t a t e s  and ip  ^ ( as  th e  Zeeman energy  s e p a r a t i o n  in 
t h i s  p a r t i c u l a r  case  i s  produced  by the z-component o f  the  f i e l d  only)  .
In f a c t ,  the  v a r i a t i o n s  in  the  Zeeman energy s e p a r a t i o n  f o r  d i f f e r e n t  
f e r r o u s  ions  can produce  a range o f  s p i n - s p i n  r e l a x a t i o n  r a t e s  and thus  
p a r t i a l l y  broaden the  h y p e r f i n e  spec trum.  Because o f  the  g e o m e t r ic a l  
f a c t o r  most c r y s t a l l i t e s  in  the  powder w i l l  have t h e i r  z - a x i s  a lmost  
p e r p e n d i c u l a r  to  the  a p p l i e d  f i e l d .
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I t  i s  expec ted  t h a t  from a s i n g l e  c r y s t a l  with  magnetic  f i e l d  
a p p l i e d  along i t s  z - a x i s  one can o b t a in  a much b e t t e r  magnet ic  r e l a x a t i o n  
spec trum f o r  r e l a t i v e l y  s m a l l e r  e x t e r n a l  magnet ic  f i e l d s .
6 . 4 .  F u r th e r  Evidence o f  S p in - s p in  R e la x a t io n  o f  Fe^ Ions in CaC03 and CdC0 3 .
The s p i n - s p i n  r e l a x a t i o n  r a t e  o f  Fe^+ ions  in t h e se  c a rb o n a te s  
w i l l  depend on ( i )  the  c o n c e n t r a t i o n  o f  Fe^+ ions and ( i i )  t h e  Zeeman 
energy s e p a r a t i o n  between the  ground s t a t e s  and \p'2 .
For e x t e r n a l  magnetic  f i e l d s  up to  about  10 kOe th e  Zeeman energy 
s e p a r a t i o n  between th e  two ground s t a t e s  i s  no t  l a rg e  enough to
depopu la te  a p p r e c i a b ly  the  upper  l e v e l  a t  4.2K, and hence in  t h i s  r e g io n  
the  s p i n - s p i n  r e l a x a t i o n ,  and con seq u en t ly  the  n a t u r e  o f  th e  Mössbauer 
s p e c t r a ,  may be expec ted  to  be s t r o n g l y  dependent  on the  c o n c e n t r a t i o n  
o f  Fe^+ ions ( i . e .  the  s e p a r a t i o n  between Fe"+ i o n s ) .
The Mössbauer s p e c t r a  o f  10% Fe^+:CaC03 a t  4 . 2K with  d i f f e r e n t  
magnet ic f i e l d s  a re  shown in F igure  6 . 5 .  A comparison between the  
co r respond ing  s p e c t r a  from the  10% Fe^+ :CaC03 and the  4% Fe^+ :CaC03 
samples immedia te ly  i n d i c a t e s  t h a t  th e  e f f e c t i v e  sp in  r e l a x a t i o n  r a t e s  
in the former case  a re  s i g n i f i c a n t l y  f a s t e r ,  p a r t i c u l a r l y  up to  a magnetic  
f i e l d  o f  about  10 kOe. This  i s ,  o f  c o u r s e ,  due to  i n c r e a s e d  s p i n - s p i n  
r e l a x a t i o n  r a t e s  f o r  the  h i g h e r  Fe^+ c o n c e n t r a t i o n .
At a f i e l d  o f  about  20 kOe the  upper  l e v e l  \p2 becomes s u f f i c i e n t l y  
depopu la ted  a t  4.2K, which e f f e c t i v e l y  reduces  the  s p i n - s p i n  r e l a x a t i o n  
r a t e .  This  al lows th e  appearance  o f  the b road  magnet ic  h y p e r f in e  spec trum,  
s i m i l a r  to  t h a t  from the  lower Fe^+ c o n c e n t r a t i o n  sample,  as the  s p i n -  
l a t t i c e  r e l a x a t i o n  r a t e  o f  f e r r o u s  ions a t  t h i s  te m pera tu re  i s  s low. The 
magnet ic r e l a x a t i o n  spec trum may be r e s o lv e d  f u r t h e r  by ap p ly in g  even 
h i g h e r  magnet ic f i e l d s  which can reduce f u r t h e r  th e  s p i n - s p i n  r e l a x a t i o n .
I t  i s  q u i t e  a p p a re n t  t h a t  f o r  h i g h e r  c o n c e n t r a t i o n s  o f  f e r r o u s  
ions  one may need s t i l l  h i g h e r  e x t e r n a l  magnet ic  f i e l d s  t o  overcome the
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Figure 6.5. Mfcfssbauer spectra of powdered 10% Fe +:CaCÜ3 with magnetic field 
of (a) 0 Oe, (b) 5 kOe, (c) 10 kOe, and (d) 20 kOe. The sample thickness is 
about 1.30 mg/cm^ of natural iron. The number of counts per channel is about 
1 million.
1 4 7 .
s p i n - s p i n  r e l a x a t i o n ,  as even a ve ry  small  p o p u l a t i o n  o f  th e  l e v e l
may cause a s i g n i f i c a n t  s p i n - s p i n  r e l a x a t i o n  between c l o s e r  Fe2 + n e i g h b o u rs .
The Mtfssbauer s p e c t r a  o f  7% Fe2+:CdC03 a re  given in  F igure  6 . 6 .  
U n f o r t u n a t e l y ,  t h e s e  s p e c t r a  show u nexpec ted ly  pronounced peaks  o f  Fe^+ 
im p u r i ty  and hence much c a u t io n  i s  needed t o  compare the  r e l a t i v e  i n t e n ­
s i t i e s  o f  t h e  emerging peaks o f  th e  f e r r o u s  h y p e r f in e  spect rum. However, 
a c l o s e  look a t  the  10 kOe spec trum (F igure  6 . 6 f )  i n d i c a t e s  t h a t  in  t h i s  
case the  f e r r o u s  h y p e r f in e  peaks a re  l e s s  developed than  in  the  case  o f  
4% Fe2 :CdC03 (F igure  6 . 2 f )  and i t  su g g e s t s  enhanced s p i n - s p i n  r e l a x a t i o n  
f o r  h i g h e r  c o n c e n t r a t i o n  o f  Fe2 + ions  in  CdC03.
6 .5  D i f f e r e n c e  in  R e la x a t io n  Behaviour o f  Fe2 + Ions in  CaC03 and CdC03.
A comparison o f  th e  s p e c t r a  o f  Fe2+:CaC03 (F igure  6 .1 )  and 
Fe2 :CdC03 (F igu re  6 .2)  s y n t h e s i z e d  supposedly  w i th  the  same c o n c e n t r a t i o n  
o f  Fe2 ions  i n d i c a t e s  t h a t  f o r  a p p l i e d  magnetic  f i e l d s  below 5 kOe the  
quadrupole  peaks broaden  l e s s  r a p i d l y  in  the  case o f  Fe2+:CaC03. T h i s ,  
in  view o f  the  d i s c u s s i o n  in s e c t i o n  6 . 3 . 3 ,  may be p o s s i b l e  i f :
( i )  the  e f f e c t i v e  s p i n - s p i n  r e l a x a t i o n  r a t e  o f  f e r r o u s  ions  
in CaC03 i s  f a s t e r  than  t h a t  in  CdC03 (as the  s p i n - l a t t i c e  r e l a x a t i o n  
r a t e  i s  n o t  expec ted  t o  be f i e l d  s e n s i t i v e ) , a n d /o r
( i i )  the  e f f e c t i v e  i n t e r n a l  magnet ic f i e l d  a t  th e  Fe2+ n uc leus  
in  CaC03 i s  a p p r e c i a b l y  s m a l l e r  than t h a t  in CdC03 f o r  a p p l i e d  magnet ic  
f i e l d s  below 5 kOe.
One f a c t o r  t h a t  cou ld  produce s lower  s p i n - s p i n  r e l a x a t i o n  o f  
Fe2 ions  i n  CdC03 may be t h e  s m a l l e r  c o n c e n t r a t i o n  o f  f e r r o u s  i o n s .  
However, a m i c r o - a n a l y s i s  by atomic a b s o r p t i o n  sp e c t ro s c o p y  (done by the  
a n a l y s t  a t  the  Research School o f  Chemis try ,  A.N.U.) i n d i c a t e d  t h e  two 
s y n t h e t i c  samples to  be (FeQ>036Ca0 . % 4 )C03 and ( F e ^ C d ^ ^ C O a ,
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Figure  6 . 6 .  Mössbauer s p e c t r a  o f  powdered 7% Fe^iCdCO-^ with  a p p l i e d  magnetic  f i e l d  
o f  (a) 0 Oe, (b) 0 .50  kOe, (c) 1 kOe, (d) 2 kOe, (e) 5 kOe and ( f )  10 kOe. The 
approximate p o s i t i o n s  where the  f e r r i c  peaks could  occu r  a re  shown by ar rows,  
the  sample t h i c k n e s s  i s  about  0 .40  mg/cm^ o f  n a t u r a l  i r o n .  The number o f  counts  
p e r  channel  i s  about  2.5 m i l l i o n .
149 .
i . e .  roughly the same Fe con cen tra tion  in  the two sam ples. Thus the 
Fe2 + con cen tration  dependent sp in -sp in  re la x a tio n  e f f e c t s  may not be 
r esp o n sib le  for  the observed d if fe r e n t  r e la x a tio n  behaviour o f  Fe2 + ions  
in  the two ca rb on ates .
C onditions ( i )  and ( i i )  can ob v iou sly  be achieved i f  the value  
o f  the parameter |ß2 | fo r  ferrous ions in  CaCOa i s  s ig n i f ic a n t ly  g rea ter  
than th a t in  CdC0 3 . As the s tren g th  o f  the ap p lied  f i e l d  (H^) in crea ses  
( i . e .  Zeeman in te r a c t io n  dom inates) the a ctu a l form o f  the e ig e n s ta te s  
and and consequently  the sp in  r e la x a tio n  behaviour o f  ferrous ions  
become le s s  and le s s  dependent on the value o f  the parameter | ß f | . I t  
appears th a t fo r  an ap p lied  f i e l d  o f  about 10 kOe the ferrous e ig e n s ta te s  
in  both th ese  carbonates become alm ost id e n t ic a l  and hence very s im ila r  
sp in  r e la x a tio n  behaviour i s  observed.
F in a lly  i t  should  be emphasised th a t the th e o r e t ic a l framework 
p resen ted  here i s  on ly  a q u a lita t iv e  one and the num erical va lu es o f  the 
various parameters used in  c a lc u la t io n s  are a t b e s t  only approximate and 
i l l u s t r a t i v e .
At th is  s ta g e  i t  i s  w orth-w hile to  mention th at the assumption 
o f  a sm all departure from the tr ig o n a l symmetry for  Fe2 + ions in CaC03 
and CdCOa, which has been the b a s is  o f  a l l  the subsequent r e la x a tio n  
e f f e c t s ,  may not be e n t ir e ly  unexpected in  view o f  the fa c t  th a t the u n it
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c e l l  param etersv o f  CaCÜ3 and CdC0 3  are s ig n i f ic a n t ly  d if f e r e n t  from
those o f  FeC03. A lte r n a t iv e ly , the sm aller  Fe2 + ion s (r  = 0 . 9 l f t ) ^ ^  s i t t i n g
o f f  the cen tre in  large Ca2+ (r  = 1 .1 4 Ä )^ ^  and Cd2 + (r  = 1.09ft)
vacan cies may in troduce some lo c a l d is to r t io n  and consequently  a sm all
departure from the tr ig o n a l symmetry. This may be compared to  the case
(13)o f  MgC03 and FeCÜ3 which have very s im ila r  u n it c e l l s  and the tr ig o n a l  
symmetry around Fe2 + ion s in  MgC03 i s  p reserved .
6 . 6  Quadrupole I n te ra c t io n  and Isomer S h if t
I t  i s  worth examining how the e l e c t r i c  f i e l d  gradient ten sor  for  
Fe^+ in CaCO3 and CdCÜ3 d i f f e r s  from the pure tr ig o n a l  case o f  Fe^+ :MgC0 3 . 
Before proceeding fu r th er ,  i t  may be r e c a l le d  from Chapter 5 that for  
Fe2+ :MgC03
< f' i |V z z |4<1 >  = < ^ l v z z l^2 >  = 0.2790 e < r ' 3 >  ,
< M V XX or vy y k ,  >  -  < 1'2 |Vxx or Vy y | ^  >  = 0.1395 e <  r" 3 >  .
and a l l  o ther o f f -d ia g o n a l  terms are zero (note: e i s  now p o s i t iv e  in
th ese  e x p r e s s io n s ) .
In a general case = a\p2 + bijy and = b^2 - aipx.
Now one obtains
<  |v U i  >  = a 2 <t|<2 |v U 2 >  + b 2 < i |> , |v  U ,  >  = 0.279 e < r ' 3
Lt i-t Li Li L* Li
(using  a2 + b 2 = 1 ) .
This value i s  the same as for  or in d iv id u a l ly  in a purely  tr ig o n a l  
c a se .  Furthermore,
< *^2 lVxX 1*^2 >  = a * < ’*’alvxxl ,*, 2 > +  h 2 <  > +  ab [<  >  +
<  ^2 lVxx t^2 >] -
= 0.1395 e <  r ' 3 >  + (0.073)  2ab 1< <t>_,,0 |v 1 ^ , 0  >  +
< * i . ° i v „ h . l .o > i
= 0.1395 e <  r " 3 >  + i ( 0 .0 7 3 )  2ab x y  e < r ' 3 >  .
S im ila r ly ,
<  ^2 lVyy I >  = °-1395 e < r " 3 >  - i< 0 .0 7 3 )  2ab x y  e < r ' 3 >
The only non-zero o f f -d ia g o n a l  elements w i l l  be <  ^ 2  Iv zx 1^ 2 ^  =
<  ip’ |v I^2 ^  = 2 (0 .073) 2ab x e <  r 3 >  , which are very small
xz ' V -V
xx yycompared to  the diagonal elements and may be n e g le c te d .  Thus 0 = — - — u -
 ^ zz
0.0036 ab, which can have a maximum value o f  0.0018 when a = b = - =  , and
y/2
1 5 1 .
i t  i s  small  enough to  be n e g l e c t e d .  The s i t u a t i o n  i s  i d e n t i c a l  f o r  the  
s t a t e  Thus the  quadrupole  s p l i t t i n g  o f  Fe2 + ions in CaC03 and CdC03
a t  4.2K i s  expec ted  to  be the  same as in  MgCO3.
The measured va lues  o f  the  quadrupole  s p l i t t i n g  (AE^) and the  
isomer  s h i f t  o f  Fe2 + ions  in  CaC03 and CdC03 a re  given in Table 6 . 1 .
Table 6 . 1 .  Quadrupole s p l i t t i n g  and isomer s h i f t  o f  Fe2 + in  CaC03 and CdC03 .
Sample T (K) I . S . (mm/sec) AE^Cmm/sec) Linewidth (mm/sec)
4% Fe2+:CaC03 4.2 1.403 2.036 0.294
77 1.418 1.937 0.340
295 1.279 1.539 0.265
4% Fe2+:CdC03 4.2 1.420 2.000 0.279
77 1.397 1.85 3 0.263
295 1.261 1.533 0.254
The above v a lues  a re  c o r r e c t  w i th in  ±0.006 mm/sec. The isomer 
s h i f t  i s  w i th  r e s p e c t  to  an i r o n  f o i l  a b s o rb e r  a t  295K.
The quadrupole  s p l i t t i n g  o f  Fe2 + in  CaC03 and CdC03 a t  4.2K 
does appea r  to be very s i m i l a r  to  t h a t  o b ta in e d  f o r  Fe2 + in MgC03 . The 
quadrupole  s p l i t t i n g  o f  Fe2 + in  CaC03 and CdC03 aga in  d e c re a se s  very  
s t r o n g l y  wi th  i n c r e a s e  in  t e m p e r a t u r e ,  whereas the  s imple c r y s t a l  f i e l d  
model with  a s p l i t t i n g  o f  about  1000 to 1500 cm * between <f>0 and cj)+1 
p r e d i c t s  a lmos t  a s t a b l e  va lue  over  the  observed  t e m pera tu re  range (see  
s e c t i o n  5 . 8 ) .  Though t h i s  b eh a v io u r  i s  in  q u a l i t a t i v e  agreement with  
the  Fe2+:MgC03 c a s e ,  the  te m p era tu re  dependence o f  quadrupole  s p l i t t i n g
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i s  much s t r o n g e r  in  CaCÜ3 and CdC0 3 . I t  appears  t h a t  the  f a c t o r s  r e s p o n s i b l e  
f o r  the  s t r o n g  t e m pera tu re  dependence o f  Fe^+ quadrupole  s p l i t t i n g  (as 
d i s c u s s e d  in  s e c t i o n  5 .8 )  a re  p robab ly  more pronounced in CaCÜ3 and CdCC>3 
than in  MgCOa .
The isomer s h i f t  o f  Fe^+ in CaCOs and CdCÜ3 appears  t o  be s l i g h t l y  
l a r g e r  than t h a t  in MgCÜ3 ( see  F igure  4 . 6 ) ,  which may no t  be e n t i r e l y  
unexpec ted  in  view o f  the  b i g g e r  u n i t  c e l l s  o f  CaC03 and CdC03 and 
consequen t ly  l e s s  cova lency  e f f e c t s  on the  f e r r o u s  ions  due to  su r round ing  
l i g a n d s .
6 . 7 .  Conclusion
The magnet ic  r e l a x a t i o n  Mössbauer s p e c t r a  o f  f e r r o u s  ions  in  
CaCÜ3 and CdC0 3  a t  4.2K have been s u c c e s s f u l l y  e x p la in e d  on the  model o f  
s p i n - s p i n  r e l a x a t i o n  between f e r r o u s  i o n s ,  and t h e r e  i s  no ev idence  t h a t  
th e  s p i n - l a t t i c e  r e l a x a t i o n  o f  the  f e r r o u s  ions  i s  im p o r tan t  enough to  
a f f e c t  the  s p e c t r a .  I t  i n d i c a t e s  t h a t  th e  s p i n - l a t t i c e  r e l a x a t i o n  r a t e  
o f  f e r r o u s  ions  in CdC03 and CdC03 i s  q u i t e  slow a t  4.2K as a l r e a d y  
observed  in  MgCÜ3. These s t u d i e s  conf irm t h a t  the  o b s e r v a t i o n  o f  slow 
s p i n - l a t t i c e  r e l a x a t i o n  r a t e  o f  f e r r o u s  ions  in v a r io u s  rhombohedral 
c a rb o n a te s  ( i . e .  MgCÜ3 , CaCÜ3 and CdCÜ3) i s  a consequence o f  the  Fe^+ s i t e
symmetry.
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Abstract A Mössbauer spectrometer system, based on a 
PDP 11/10 minicomputer and capable of accumulating up to 
eight simultaneous spectra, has been designed and constructed. 
The system allows the data in each spectrum to be handled 
without interference to the other accumulating spectra. The 
computer is used to generate the velocity reference signal, 
removing the need for a separate waveform generator, and 
enabling a very smooth waveform to be calculated and used.
1 Introduction
Most Mössbauer spectrometers are based on multichannel 
analysers, and only a few somew hat specialized systems based 
on minicomputers have been described (Biran, Shoshani 
and Montano 1970, Goodman and Richardson 1966, Kalvius 
and Kankeleit 1972). The rapid fall in the price of the latter 
make these now very attractive, particularly if the simultaneous 
accumulation of many spectra is contemplated. Some multi­
channel analyser systems can be hardwired to accumulate 
multiple spectra, but in terms of simplicity and reliability of 
operation, as well as versatility, they do not compare with the 
programmed computer-based spectrometer.
Guided by our experiences with other Mössbauer spectro­
meters, we have designed and constructed a spectrometer to 
satisfy the following requirements:
(i) The system should accumulate up to eight spectra, each 
with 256 channels, and it should be possible to combine these 
groups to obtain spectra of 512 or 1024 channels if more 
resolution is required.
(ii) The data in any group should be displayed, cleared or 
read out with no interference with the accumulation of the 
other spectra.
(iii) The computer should generate the reference signal for 
the Mössbauer drivers, so that it can be made free of appreci­
able discontinuities in the derivatives. Such a smooth wave­
form is easily followed by the electromechanical vibrators.
These design objectives were achieved with our spectro­
meter, and experience has shown it to be reliable and easy to 
use. A large number of other desirable features have been 
incorporated, and we shall describe both the interfacing and 
programming necessary to make such a system in the following 
sections.
2 Equipment
At the outset, it was decided to purchase a minicomputer 
with a word length of at least 16 bits. A shorter word would 
have made necessary the use of double length words, with a 
considerable penalty in processing time and complexity of 
programming. A PDP 11/10 processor w ith 8 k of core store 
was chosen, partly because of the existence of other Digital 
Equipment Corporation minicomputers within the Research 
School. This minicomputer is relatively inexpensive, and 
has flexible addressing modes and a versatile instruction set. 
Software supplied with the minicomputer included an editor, 
used to develop the program, and an assemm.tr, to translate 
the assembler language program into an absolute program.
Our peripherals included a fast paper tape reader/punch 
and a teletype. After program development, the minimum 
requirement for operation as a Mössbauer spectrometer 
would be a 15 character/s paper tape reader/punch, but most 
workers would prefer the more expensive teletype for its 
versatility. Faster peripherals, such as the fast paper tape 
reader/punch, speed up program development considerably, 
but are not necessary for operation as a Mössbauer spectro­
meter.
Additional hardware vital to the interfacing were two 
DR11C general purpose interfaces, each having a 16 bit 
output register, a 16 bit input data way, and a control and 
status register (csr). Two bits of the csr could be set externally, 
and are called ‘Request A’ and ‘Request B'. The interface 
also provides ‘New data ready’ and ‘Data transmitted’ 
signals, after the output and input respectively had been 
accessed by the computer.
The interface was based on a standard Digital Equipment 
logic frame, and used compatible plug in electronic circuit 
boards designed and made available by Dr Iain McLeod of 
the Department of Engineering Physics. Similar circuit 
boards are available commercially from Digital Equipment 
Corporation (Digital Logic Handbook 1973). The wirewrap­
ping of the interface and the assembly and testing of the 
circuit boards were done by a small local firm, Canberra 
Scientific Instruments. Normal precautions were taken during 
the layout and wiring of the interface. All set and reset inputs 
on binaries were connected to a logical 1 if unused, as were 
any unused inputs to gates.
The analog signals for the velocity reference and spectrum 
display were obtained from digital signals using standard 
12 bit digital to analog converters, type DAC12QZ, obtained 
from Analog Devices. These converters had 12 bit accuracy 
(I in 1024) and a stability in gain of 30 ppm, C, ample for 
the present requirements.
3 Operation
3.1 Basic principles
Mössbauer spectra are usually accumulated in a multiscalar 
mode of operation, where each channel of the spectrum is 
opened for the same length of time during a linear velocity 
sweep. Because of possible jitter in the computer processor 
and the varying length of instructions, the computer program 
and the interface were controlled by a crystal clock in the 
interface (figure 3). In this way, the intervals for which the 
counters were open could be made exactly constant, ensuring 
a flat baseline, and the analog velocity sweep could be made 
as smooth as possible.
Figure 1 shows the basic synchronizing loop programmed 
within the computer. The clock sets a flag w ithin the interface, 
and the state of this flag is tested by the computer. If set, the 
computer proceeds to the next instruction, which is to output 
the X digital signal (the velocity sweep), resetting the flag. 
Time is then available before the next clock pulse to perform
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Time 
0 ps
50 ps
Test flag
Output X 
Reset flag
Input counts
Output Y
Test flag
Other
computations
etc
re 1 TThe basic instruction loop used to synchronize 
:omputeer operations with the interface
r essenntial tasks, such as reading out the display and 
ng in t the counts. After finishing the computation, the 
puter wvails until the flag is once again set by the interface, 
ing of lithe computer program to ensure that the computa- 
can hoc performed in the time available is necessary. 
:tuse o f ' the timing requirements, it was advantageous in 
e placets to group these loops in pairs, leaving out the 
ng of thhe flag for the second time to increase the available 
putatioon time. The interface Hag was still set by the clock 
reset byy the output o f the X digital signal, 
was ddccided to use a velocity reference signal similar 
hat propposed by Cranshaw (1964), that is, a linear ramp 
ng the data accumulation period followed by a flyback 
od, conmmonly half the ramp period. The computer is 
»rammeed around this basic cycle, and the flow diagram is 
n in lipgure 2. After the initiali/mg steps, the program 
red thee main loop, composed of a linear velocity sweep 
od, andd a flyback period. During the sweep period, the 
nts weree read in and a selected subgroup displayed. During 
flybackk period, grouping information was read in and, 
n requiiired, clearing or printing out of groups were carried 
It wass considered desirable to maintain the frequency of 
sweep aas high as possible (but less than 20 I I / )  to minimize 
curvatilure of the spectra baseline due to the varying 
tion o f f  the source during the velocity sweep. It was found 
iiblc, uusing careful programming, to achieve a sweep 
uency c o f 13 Hz.
Hiring t the time of the linear sweep the incoming counts 
iceumuulalcd in eight counters of six bit accuracy (figure 4). 
se counntcrs are accessed in sequence by the interface, and 
• contecnts placed in a buffer connected to the computer 
it. Afteer each counter has been accessed, it is cleared and
Figure 2 The program flow diagram
counting resumed. The computer then adds the contents of 
the buffer into the current memory location, and advances 
to the next location. In this way the eight M össbauer spectra 
arc interleaved within the computer memory. Each counter is 
open for 198 ps (with 2 ps dead time) and this, combined 
with the number of bits in the counters limits the maximum 
usable count rate to about 200 k per second per block of 
256 channels.
In our interface, because o f the availability of two DR11C 
inputs, the subgroups are treated in pairs, and four lots of 
two are moved cyclically into the input buffers, and hence 
into the computer. This also leads to a saving of computer 
time.
Grouping into blocks of more than 256 channels is done 
in the interface by addressing the counters out of sequence. 
Tor example, if the counter sequence for 8 x 256 is A l l  C D  E F  
G H  etc., then for 2 x 1024 it would be A l l  A l l  A l l  AB  etc. 
Possible combinations are shown in table I.
Table 1
Grouping Butler sequence
8 x 256
2x512, 4x256 
4x512 
2 x 1024
A l l  CD  E T C H  etc. 
A B  (  I)  A l l  67/ etc. 
A l l  CD  A l l  CD  etc. 
A l l  A l l  A l l  AB  etc.
A sw itch on the interface allows the selection of one of these 
four possible groupings (figure 3).
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Figure 3 The clock and sequencer circuits which control 
the cormputer and interface operations
3.2 Tinning details
The I OK) kHz crystal clock delivers 0 5 /ts pulses separated by 
50 /<s ((figure 3), and these pulses operate the scale of four 
scquentcer circuit. This circuit activates one of the four 
outpufis according to the grouping selector, selecting a pair
of buffer counters to be accessed. This output combines with 
pulses derived from the clock (after a small delay to account 
for propagation time) to block the incoming counts to this 
counter, place the contents on the input to the bufTer registers, 
transfer these contents, and clear the counters (figures 3 and
Blocking Transfer
Blocking
Counters
r  , Print "A  
Groujnd J
Request B^
DR HC« I Zero
1 Input 
3 DR MC**2
Blocking
1234
ibisi
IP BIT I 
DR IlCtttl
I '—Ground',
Pulse inputsip  b it  i2o y g  
DR I IC**»I £ 
OP B1IT l5o—— 
DR Il(C*»2
Figure? 4 Details of the buffer registers and multiplexors 
which allow up to eight simultaneous data channels
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^ scries »if positive edge triggered monoslahles arc used to 
Juce delayed pulses for performing these circuit functions. 
:r a delay of 10 /<s the clock also sets the flag being tested 
he computer (figure 3). The first instruction after the test 
itisfied. the output of the X digital signal, resets the flag, 
g the 'New data ready' signal of DR 11C #2. The computer 
l reads in the counts from the two input buffers, and 
brms other tasks. The next clock pulse gates the X digital 
ja I in the output register o f DR IK ' #2 into the 12 bit 
er connected to the digital ts> analog converter (figure 5). 
i the interval from 10 /<s to 50 p s with respect to the clock 
computer must input the counts and output the X and Y
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CT 1
Y analogue c ircu it X analogue c ircu it
ure 5 The connections between the DAC and DR 11C 
ts for the velocity reference (X) and the display (Y) 
rials
contents of this array are sequentially moved into the X 
register.
I he overall reference waveform is given by:
Linear ramp
V—— 512 + a for x  = 0 to 1024.
Flyback
V — 512— 1024v + (32768/3077-) {sin (2ny)
— 5/32 sin (4tti ) + 1 /256 sin (877-1)}
where
y = ( . v - 10241/512 and ,y = 1024 to 1536.
The actual reference signal is shown in figure 6, together with 
the error signal achieved using a velocity servosystem. Note 
the absence of any spikes or oscillations which usually 
accompany discontinuities in other waveforms.
Figure 6 (a) The velocity reference waveform generated by 
the computer and (/>) the error signal from the velocity 
servoamplifier with the transducer operating to ± 13 mm s_1
splay) signals. In programming, allowance lias been made 
I variations in processor speeds of ± 10°/, (as quoted by 
: manufacturer), and for the fastest and slowest times 
ougli the controlling test loop. In the case of a double 
>p, computer input and output must occur in the interval 
-50/is and 50 100 ps with respect to the clock, that is, 
10 /<s and 40 90 p s with respect to the computer. Including 
p processor variation these times become 0 36 ps and 
81 /<s.
To ensure that the counters remain in synchronism with the 
:mory locations, the two binaries within the sequencing 
cuit are set once every sweep period using bit 15 of the 
(put register of DR I 1C #2.
( Analogue reference signal
lis signal (X) is used to control the velocity servosystems on 
cli experiment, and good long-term stability is required. I11 
e data accumulation period the linear ramp is produced 
incrementing the output register of the D R IIC # 2  and 
nsisls of 1024 steps. The flyback waveform is given by a 
liple Fourier series, the eoellieients being such that there 
7 no discontinuities in the first seven derivatives of the total 
crencc waveform. The values of the flyback were calculated 
a desk computer, and read in as an array on paper tape 
iring program initialization. During the llyback period, the
3.4 Analogue display signal
The contents of the displayed group were read in during the 
first part of the linear sweep period into the output register 
o f DR1IC # \ .  Display ranges of 2,r\  214, 212 and 210 full 
scale were achieved using a 12 bit four way multiplexor 
between this register and the digital to analogue converter 
(figure 5), that is. 12 bit accuracy on all ranges, except for the 
2 " ’ range where only ten bits were available.
It is helpful to have some form o f marker on (he display, 
and the simplest method of obtaining this is to use logic to 
pick every multiple of 16 oil' the X digital buffer register. This 
pulse is used to brighten these channels on the oscilloscope 
display.
3.5 Input o f
To display or print out a particular spectrum, the computer 
must ascertain the starting location and the step between 
channels within the memory. The display group and grouping 
selector switches arc wired to represent a five digit binary 
number, and this binary number is obtained at the start of the 
llvback cycle. I he number is placed in the upper byte of the 
input register of DR 11C #1 at the start of the llyback period 
by using bit 15 of the X register (this signal resets the sequenc­
ing binaries). This binary number is used to locate an entry 
in a table stored in the computer, giving the starting location
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and the steps for the setting of the two front panel switches. 
This table was stored in the computer during program 
initialization.
3.6 Cleaving o f a spectrum
A selected spectrum can be cleared within one flyback period 
using the starting location and steps defined in §3.5. The 
‘Request A ’ bit of the D R 1 IC # I was set by a push button 
and initiated the clearing cycle.
3.7 Overflows oj"the memory
The use of a 16 bit word length requires a method of 
determining the number of times the counts accumulated 
in each channel exceeds the memory capacity, that is, 65535. 
Double length words could be used to increase the memory 
capacity, but with an increase in complexity of programming, 
and in the time to punch out a spectrum. Recause of the 
limited time available in the sweep, it is not possible without 
increasing the sweep time to just detect the carry from the 
lower word and increment the upper word. An alternative 
involving no time penalty within the sweep would be to scan 
the 2048 words in memory over a number of flyback periods, 
and if  the most significant bit is set. clear it and add one to 
the corresponding element in the array giving the upper words. 
This gives a memory capacity of (2:tl I).
fn practice, the most significant bits will be the same for 
many of the data points in a spectrum, and the storage and 
processing of these extra digits for every number is inefficient. 
In the majority of cases it is only necessary to record how- 
many times the contents of a single channel have exceeded 
the memory capacity o f 2lf\  and punch out this number. 
This is the method we have used.
The contents of the channels 9 16 arc scanned in the flyback 
and if an overflow' has occurred, the corresponding element 
of the block 1-8 is incremented. Thus the first channel o f a 
block o f 256 channels contains the number of times that 
65536 should be added to the second channel to give the true 
total of counts. A block of 512 channels has two such points.
One problem this method docs not solve is that o f spectra 
becoming ‘wrapped’ over a number of full scales of the 
memory, and care must be taken to ensure that this ‘wrapping’ 
does not exceed the capability of a processing computer to 
unravel it.
3.8 Printing
The basic cycle time o f the spectrometer (13 Hz) is fast 
enough to allow one character per flyback period to be 
punched without the punching time for a spectrum becoming 
excessive. The program docs the following:
(i) Punches a leader.
(ii) Punches a tape identifier.
(iii) Decodes the binary numbers by repeated subtractions to 
decimals, and punches the corresponding ASCII codes. 
Before the first number and after every eighth a carriage 
return, line feed is punched: alter every other number a 
space is punched. The punching of a 256 channel spectrum 
takes two minutes.
The control of the punching involves the most complex 
programming and comprises the major portion of the program. 
Punching is initiated by a push button w hich sets a flag on the 
‘Request B’ bit of DR 11C # I . On completion of the punching, 
bit 14 is set under program control to clear the flag (figure 4). 
A number of safeguards arc incorporated into the punching 
sequence. If  the displayed group, which is the group being 
punched, is altered during punching, the punching is stopped.
The punch flag also causes the counts to the particular sub­
group to be blocked for the entire punching period (figure 4).
3.9 Power fa il interrupt
One major advantage of a minicomputer not shared by multi­
channel analysers is the power fail restart feature. I f  the 
mains voltage drops below a certain level, the computer 
interrupts the program and allows time before switching off 
to ensure that when the power is restored, the program will 
recommence at an appropriate location. The memory contents 
are fully protected against disturbance from the power failure 
so that there is no loss of data.
4 Discussion
There are a number of features which, because of the versati­
lity of the computer based system, can be incorporated with 
little additional cost. There is ample time during the flyback 
period to perform further computations and control opera­
tions. Except when a group is being cleared, only 32 of the 
available 512 cycles of flyback are currently used, and even 
in the longest clearing operation, over 100 cycles are still 
available. The Mossbaucr program requires very little of the 
available 8 k of computer memory; in fact, only 512 words 
are required for the program and 2-7 k words for the storage 
of data and other variables. This leaves 4-8 k words available 
for further computation and data storage.
Some of this available computing power could be used to 
control experiments by sensing the experimental conditions, 
and to print out spectra at preset times. However, these 
modifications would considerably complicate the design and 
destroy one o f the spectrometers most valuable assets, its 
ease of operation. At present, there is incorporated one easily 
provided facility; the computer by counting the sweep periods 
delivers a pulse on a spare bit of the X register at a fixed 
time interval ( ~ 1 5 h) to initiate tasks such as the transferring 
of liquid nitrogen into dewars.
This spectrometer also difTcrs from most other systems 
(except those from AERE Harwell) in that the reference signal 
is a ramp with flyback instead of a symmetrical sawtooth. 
The only disadvantage of this system (not to mention its 
many advantages) is that 1/3 of the available counting time 
is wasted by the flyback period. To put this in perspective, 
if these extra counts were collected, that is, no time wasted 
in flyback, the relative error in the data would lie reduced 
by a factor of only I 2. A shorter flyback period could be 
used to slightly improve the signal to noise. As mentioned 
earlier, only 32 flyback loops arc needed to perform the 
necessary computation (aside from clearing spectra), and 
hence the flyback period could be made not 1/2 but 1/32 of 
the sweep period. In this case, the clearing would have to be 
spread over a number of flyback periods, similar to the printing 
operation. DilTcrent waveforms to provide olfsct sweeps, again 
with no discontinuities, could also be read into the flyback 
waveform.
Because of the sequential accessing o f the four sets of 
buffers, each of the four groups will have different centres 
for the velocity reference signal. For example, the centres of 
A, C, E and G w ill be separated by 1/4 of a channel, and will 
be the same as for groups B, D, Fand //, respectively.
5 Conclusions
The computer based Mossbaucr spectrometer satisfied the 
design objectives, and in three months' operation has proved 
to be exceedingly reliable anil easy to operate. Over 200 spectra 
have been accumulated without one occurrence of an obvi­
ously incorrect channel. Copies of the program are available.
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Abstract— Mössbauer effect spectra of Fc (Utilised into powdered synthetic spinel. MitAI 0 4. exhibit paramagnetic 
h\perline stiucture. 1 he iron was determined to be equally distributed between the tetrahedral and octahedral sites, 
with the tetrahedrallv coordinated iron having a longer spin lattice relaxation time. Analysis of the spectra taken in 
small applied fields between 30 and MUM) Oersted at 4 2 and I -5 K y ielded the electronic zero held splitting parameters 
and showed both sites to have significant dcpartuies from axial symmetry.
INTRODUCTION
f lic spinel. MgAl.Oj, is synthesized as a partially inverse 
spinel with a degtee of inversion varying between 10 and 
30rf depending on the manner of preparation(1.2]. 
Ferric ions introduced into spinel should be able to enter 
the octahedral (mainly A ll sites or the tetrahedral (Mg) 
sites However, a recent study on the Mossbaucr spectra 
of dilute I e' in spinel suggested that the iron entered 
only the octahedral s itc |i| lo  clarify this we have 
re-examined the Mossbaucr spectra of the spinel.
Paramagnetic hyperfinc structure arises in the 
Mossbaucr spectra of dilute ferric ions in diamagnetic 
lattices when (he spin-lattice relaxation time is long 
compared to the I .armour precession time of the nucleus 
(5 X |t) ” see 114. 5|. I he Pc' ion exists in a \S<p state 
which is split into three Kramers doublets (labelled 
5. = ? 5/2. -  3/2. *  |/2i w hen the ion is in a crystal field of 
lower than cubic symmetry. With slow spin-lattice 
relaxation a Contribution from each doublet weighted bv 
the appiopriate Boltzmann factor, is seen in the 
Mossbaucr spectra. I he spectra obtained can be inter­
preted in the terms of a spin-Hamiltonian and the nature 
of the iron site determined.
KXPKRIMF.NT \l
The MgAI;Oj spinel was synthesized by heating 
together the respective sulphates at I200°C. The spinel 
was then doped with 0 10 at.7c of 679f enriched ' Fe using 
conventional techniques(31. The doped material was 
heated to 1200 C for 20 hr. reground and then reheated for 
another 20 hr. An X-ray powder pattern confirmed the final 
material was single phase spinel.
The Mossbaucr spectra were recorded on a spectrome­
ter described previously |6|. Low temperatures w'ere 
achieved by placing the sample in liquid helium in a top 
loading dewar. Magnetic fields were produced w ith either 
two small permanent magnets or a small electromagnet.
RKSIT.TS AND DISCI SSION
The spectra in Fig, 1 were obtained with the Fe'-doped 
spinel at 295. 77 and 4 2 K with no applied magnetic field. 
At 295 K a broadened six line magnetic hyperfinc 
spectrum is seen, indicating that even at this temperature 
some of the Fe' ions are slowly relaxing. Cooling the
sample to 77 K leads to a sharpening of the lines, and 
causes some new lines to appear. Further cooling results 
in changes in the relative intensities of these lines. From 
these spectra several observations can be made. As the 
±5/2 doublet has the longest spin-lattice relaxation time of 
the three levels[5]. the spectrum at 295 K may be 
identified as primarily due to this level. Cooling to 77 K 
produces a second similar 6 line spectrum but with a 
larger isomer shift and overall splitting, showing two 
types of ferric ions are present in the spinel. The iron 
giving this spectrum we shall label as A type and the 
former B type. On cooling to 4-2 K the B pattern remains, 
whereas that from the A ions almost disappears. Hence 
the A type ions have the ±5/2 doublet uppermost, 
whereas with the B type ions either the separation 
between the levels is very small or the ±5/2 doublet is the 
ground state.
The application of a small magnetic field can be used to 
sharpen the spectra or even produce new lines[4 .7| 
through the disruption of the small dipolar coupling 
between the nuclear and electronic spins. The external 
field polarises the Fe'* electrons by producing an 
electronic Zeeman interaction that dominates the dipolar 
coupling between the Fe' ion and any adjacent nuclei 
having a nuclear magnetic moment and stabilizes in 
particular the spectra from the ±1/2 doublet. Figure 2 
shows the spectra obtained for spinel in fields between 30 
and 1000 Oersted. The better resolution in the central 
region of the spectra is immediately seen and ihese spectra 
are amenable to comparison with computer generated 
theoretical spectra.
The spin-Hamiltonian used in producing the theoretical 
spectra is given by
H = Hr,  + ftrß. H S -  g„ß„H. f  + AI. S + Hq
with electronic spin S = 5/2. The crystal field splitting of 
the electronic states is given by
Hr, = D S::~ S ( S +  I) + ^(S; + SJ).
The other terms in order in the spin-Hamiltonian describe 
the Zeeman splitting of the electronic and nuclear states in
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Fig. I. Spectra of ' Fe doped spinel showing temperature 
dependence of the paramagnetic hyperfine structure.
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Fig. 2. Spectra of 'Fe doped spinel taken at 4 2K and I 5K in 
magnetic fields transverse to the y-ray beam. Solid curves are 
ralculatcd w ith the spin-Maniiltonian parameters described in the 
text and using a l.orentzinn linew id th (FW H M )of 0 4 mm/sec.
an applied magnetic field, the magnetic hyperfine interac­
tion, and the quadrupole interaction. A computer program 
was used to calculate the spectra for a given set of 
parameters, averaged over the random orientation of a 
powder sample to the y-ray direction and applied field|8|. 
The only added complication here is the need to generate 
spectra for iron in both sites, and combine them in a
K. P. Srp v stav*
variable ratio before comparing with the observed 
spectra.
In analysing the spectra certain simplifying assump­
tions were made. The hyperfine interaction tensor A. and 
the e tensor were assumed isotropic. A value of 2 (KM was 
used for g. 1 he best \ alues of the v ariou- parameters were 
obtained as follows. I he A values for the nuclear ground 
states were determined to be -2-60 mm/sec for type A 
Fe’ * and -2-39 mm/sec for type B. These yield effective 
magnetic fields. I W|. at the type A Fe”  nucleus of 222 k()c 
per unit spin and 204 k()c per spin for tvpe II
The isomer shifts (relative to iron metal at 295K ) and 
quadrupole splitting found for type A Fe’ - at 4 2 K were 
0-43 mm/sec and 0-91 mm/sec respectively, whereas 
values of 0-36 mm/scc and 0 46 mm/sec were obtained for 
type B ions, fhe crystal field Hamiltonian parameters 
obtained for type A ions were
D = 0 50 ± 0 02 cm E = 0 I 30 ± 0 005 cm ' 
and type B ions
D = -  0 08 ± 0 02 cm"'; E = -  0 012 ± 0 002 cm '.
The electric field gradient asymmetry parameter, rj. could 
not be determined as it has little effect on the spectra and 
a value of 3EID was assumed for rj in calculating the 
theoretical spectra.
The spectra calculated with the values of the various 
parameters above are shown plotted over the relevant 
experimental spectra in Fig. 2. The individual contribu­
tions to the spectrum taken at 4 2K with a 300 Oersted 
applied field are shown in Fig. 3. As is expected, 
agreement between the calculated curve and the data 
improves with increasing field, especially in the central 
regions of the spectrum where the faster relaxing ±1/2 
doublet gives a broad smeared-out pattern at low fields. 
The improvement in the fit in going to I kOc indicates 
some polarization of the electronic spins does occur in the 
300-1000 Oersted range.
The smaller values of the hyperfine tensor, A. and the 
isomer shift for the type B ions indicate these ions are 
more covalently bonded than the tvpe A ions(9). 
consistent with the former being tetrahedrally coordi­
nated and the latter octahedrally coordinated. The value 
of A determined here for type A Fe’ * is similar to the
Source  V e lo c i t  y (m m /s e c  )
Fig 3. Calculated spectra for (a) "Fe in the tetrahedral site and (b) ” Fe in the octahedral site in synthetic spinel al 
4 2k in an applied transverse magnetic field of 300 Oe. The spectrum expected from each Kramers doublet is shown.
the ground doublet being plotted first.
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value of 21^ kOc/spin found foi oclahedrally coordinated 
Fe in i) ■ Al ( ) 1141 A value of 20h k( )c/spin was found for 
tetinlicclrally cooidinatcd Fe' in I i AI ()„| I0|. very 
similar to the value of 204 found for I n pe B Fe' . The 
tetrahedral site in a normal spinel has cubic symmetry, 
whereas the octahedral site has a trigonal distortion. I he 
disorder in the spinel w ill lou er both these symmetries hut 
the small v alue of I) for the type H ions shows these ions 
to be in a near cubic site and further confirms the 
assignment of the two types of iron
1 he theoretical spectra are calculated so that |A| -  I ' l l )  
has its minimum value. The ratio I I I )  for the octa- 
hcdrally coordinated non is 0 2b. and 0 15 for the 
tetrahedrally coordinated iron. Thus both sites have large 
departures from axial symmetry (A = Of with the oc­
tahedral site approaching rhombic (A — 0-33) symmetry. 
Whilst departures from axial symmetry have been found 
for (V in the octahedral site in MgAI-0 (A = 0 03 3 )|ll| 
and for AI in the same site in ordered FiAFOv 
I y] 3A 0-40)[ 121. the si/e of the rhombic distortion 
observed here suggests that this is due to more than just 
the disorder in the spinel. The replacement of AI by the 
larger Fe' could cause some distortion of the surrounding 
oxygen coordination polyhedra. A recent survey of FPR 
and NMR asymmetry parameter for Fe’ and Al' in 
aluminosilicate minerals showed that these can vary quite 
unpredictable for the two ions in nominally the same 
sites 11  ^|. Several examples are also known of Fe' in 
biological molecules in sites which have been determined 
b\ \-ray crystallography to be of trigonal symmetry but 
for which both the Mossb and I SR data is best 
represented by an electronic model having rhombic 
sy mmetry 114|. Clearly the nuclear levels arc very 
sensitive to minor distortions in the spatial symmetry 
around the Fe ions and shows a need for caution in 
deducing vttucUual details from impurity studies.
I he best agieement of the calculated and experimental 
spectra was obtained with equal contributions to the total 
area from each iron site, implying the spinel has almost 
equal populations of iion in the two sites. From previous 
studies the disorder in our sample of spinel is probably 
around MFT 1111 giving the spinel a composition near 
(Mg, AI.. >h,„ I Ah Mg,, i |.„.()j. Thus in low concentra­
tions. the iron has a strong preference to enter the 
tetrahedral site. This is not surprising considering the 
similarity of the ionic radii (in A) of Mg (0-49) and Fe'" 
(0 49) in tetrahedral coordination and dilfercncc between 
the radii of A l' (0 4SI and 1 e (0 CM in octahedral 
coordination 1151. Certainly, small amounts of I• e' in 
ordered I.iAM )* go completely into the tetrahedral 
site| 11. Ih|.
fine effect of the high A value of the octahcdrally 
coordinated Fe’ is to make the average spectrum of the 
±1/2 doublet independent of applied fields above a few' 
oersteds. The zero-field spectrum of the ±1/2 doublet 
consists of I I  strong lines (for example see Fig. S. 
Ref 11"’ ]). The spectrum of the ±1/2 doublet calculated for 
the spinel sample in an applied field of 5 Oc shows a six line 
pattern similar to that given in Fig. 3(h). but w ith intensity 
ratios 3 :2 :1 :1:4:6. The intensities become near those of 
Fig 3(b). which are calculated for a field of 300 Oe under a
field of l c Oe. The zero field spectrum of spinel taken at 
4-2 K shows shaip lines at 5 8 and 8 3 mm/scc. 
identifiable as arising from the ±1/2 doublet of the A site 
Fc' . The intensity of the -8-3 mm/sec line shows there is 
an internal field in the spinel of the order of 10 Oc 
originating from the nuclear moments of neighbouring AI 
ions. In contrast for dilute Fc in an axial crystal field 
where A ~ 0  such a dipolar field would smear out the 
spectrum from the ±1/2 doublet as is seen in LiAhO«|IO| 
and Al,0>|4. 7|.
A further interesting feature of the spinel spectra is the 
large difference in the relaxation rate between the two 
types of ferric ions. The iron in the tetrahedral site gives a 
clear spectrum at room temperature, whereas cooling to 
77 K is required to see the iron in the octahedral site. The 
predominant mechanisms for spin-lattice relaxation be­
tween the Kramers doublets are direct two-phonon 
processcs[51. The spin-lattice relaxation times, rci. are 
dependent on the effective Debye temperature. fl(>, of the 
impurity ions. A, the characteristic splitting of the 
Kramers doublets and the temperature. For T <5 0n. 
Ts, -  On A T . whereas for T ^  On. r\, 0,,A T |5|.
Thus a small value of I) and a high value of 0,, 
(equivalent to tight bonding) arc required to observe slow 
spin-lattice relaxation over a wide temperature span. 
Though the increased covalency of the bonding of the iron 
in the tetrahedral site over the octahcdrally coordinated 
iron will produce a higher effective value of 0„. the 
difference by a factor of six in the two D values alone can 
account for the difference in the relaxation rates seen 
between the two sites. Similar slow spin relaxation at 
room temperature has been seen for tetrahedrally 
coordinated Fe' in l.iA IT M  I0| I f )  - - 0  104cm '). in 
mullite[ 18| (D = 0-20cm ) and for octahcdrally coordi­
nated iron in alumina1191 (/) — 0-172 cm '). In contrast. 
Fe’ * in TiO: with /) = 0-h8cm |20| and in FiScO;
(D = -0  lb cm ') 1181 do not show sharp relaxation spectra 
at room temperature. Thus the observation of a sharp 
relaxation spectrum at room temperature is a way of 
obtaining an approximate value of I) within the small range 
of values of /) that Fc' appears to have when substituted 
in oxide lattices.
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